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Abstract

The pivotal role of the immune system in identification and elimination of malignant non-self
tissue is well recognized. However, cancer cells have shown capacity over time to develop immune
resistance mechanisms which allow evasion of normal immune-related destruction. One such
resistance mechanism involves upregulation of inhibitory immune checkpoints that normally
promote immune tolerance and mitigate immune related damage to collateral self-tissues.
Improved understanding of immune resistance mechanisms led to development of targeted
immunotherapies to overcome T-cell anergy and enhance immune responses against cancer cells.
Chief among these are the immune checkpoint inhibitors (ICI) which are in widespread use for an

ever-increasing number of indications and cancer subtypes.

The efficacy of ICI-treatment rivals traditional anti-tumor therapies and in most cases results in
significantly less drug related toxicity. However, ICI-use can result in a myriad of immune and
inflammatory side effects termed immune related adverse events (irAEs). Thyroid irAEs are the
most common endocrine toxicity related to ICI-treatment. In affected patients, permanent thyroid
dysfunction can result, necessitating lifelong thyroid hormone replacement and long-term clinical
follow-up is required. Prior to this candidature, clinical descriptions of thyroid irAEs were
predominately based on small, heterogeneous patient cohorts and little was known about the

underlying pathogenesis responsible for their development.

Due to the geographic location of Australia, melanoma is a prevalent cancer and occurs at a higher
rate than in most other developed countries. Melanoma was the first cancer type to be treated using

IClIs, which remain standard of care as adjuvant treatment for patients with stage II-IV melanoma

XX1X



as well as for patients with metastatic disease. In New South Wales, treatment of patients with
melanoma is largely centralized via Melanoma Institute Australia (MIA). Through MIA, there was
access to clinical data and blood samples for a large number of ICI-treated patients. This provided
a unique opportunity to study thyroid irAEs on a large scale which had not previously been possible

at smaller volume centres in other countries or across Australia.

To enhance the understanding of thyroid irAEs, this thesis firstly produced a detailed phenotypic
report of 1246 patients with melanoma undergoing ICI-treatment. We clearly showed that
prevalence of thyroid irAEs was substantially higher than previously reported, and that most
patients developed subclinical disease only. We demonstrated that overt thyrotoxicosis had distinct
clinical features from other thyroid irAE presentations and was uniquely associated with
improvements in progression free and overall survival. We then prospectively measured anti-
thyroid antibodies, TSH receptor antibodies and interleukin-6 (IL-6) levels in a subset of 122
patients from this cohort, showing that thyroid peroxidase and thyroglobulin antibodies were
highly specific for identifying patients likely to experience a thyroid irAE. We also showed clearly
that TSH-receptor antibodies are not involved in the pathogenesis and that IL-6 levels had no
association with thyroid irAEs. Our antibody work was complemented by preclinical studies, and
development of an animal model to test for additional autoantibodies against novel (non-TPOADb,
non-TgAb) thyroid antigens. We performed a genetic study to test for an association of a premature
stop mutation in FLT3 gene, which is strongly associated with autoimmune thyroid disease, with
susceptibility to thyroid irAEs. Due to low allele frequency, we lacked power to show a clear
association, although interestingly both patients homozygous for the rs76428106-C polymorphism

developed a thyroid irAE. Finally, we immunophenotyped peripheral blood in patients with
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thyroid irAEs to identify key immune cell populations involved in the susceptibility to and

pathogenesis of thyroid irAEs.

In totality, the work reported in this thesis significantly advances understanding of thyroid irAEs
and the mechanisms underpinning their development. We have shown that thyroid irAEs share
similarities with autoimmune thyroiditis, but also unique differences which characterize ICI-
associated thyroid disease as a distinct and novel entity within the broader classification of

autoimmune thyroid disorders.

XXX1



Chapter 1



Background and review of the literature

1.1

1.1.1

Physiology of adaptive immunity and T-lymphocyte responses

The immune system is designed to recognize and react to an enormous number of
microbial and other non-self antigens. Simultaneously, there is immune
unresponsiveness to self-derived antigens. These principles encompass the basic
concepts of adaptive immune activation and immunological tolerance. Adaptive
immune responses are induced in response to antigen exposure and changes in the
cellular environment that evade control by innate immune defense mechanisms.
Cellular (T-lymphocyte mediated) immunity is a key component of adaptive immunity
and involves a complex set of developmental steps to direct the immune systems
response to a massive array of antigenic stimuli.

T-lymphocyte development and survival

T-lymphocyte progenitors are derived from multipotent haemopoietic stem cells in the
bone marrow (1). T-cell precursors migrate to the thymus where they are exposed to a
plethora of environmental factors which commit them to the T-cell lineage (1). In the
thymus, immature T-cells interact with self peptides presented by major
histocompatibility complex (MHC) molecules within the thymic stroma (1). Cells
which recognize MHC molecules and self peptide are positively selected and will
ultimately mature into CD4+ (MHC class II presented peptides) or CD8+ (MHC class
I presented peptides) T-cells (1). In this manner, T-cells become functionally
segregated, and following activation are destined to become CD4+ helper T-cells or

CD8+ cytotoxic T-lymphocytes (Figure 1.1) (1). Lymphocyte precursors which react



too strongly to MHC presented peptides are deleted in a process known as negative
selection (1). Positive and negative selection of T-lymphocytes in the thymus ensure
that the mature T-cell repertoire is both MHC-restricted and tolerant to MHC-presented

self peptides.

Thymus Thymus
(medulla)

Bone Marrow Lymph node

(cortex)

Site of positive Site of negative
selecticon selection

Figure 1.1: T-cell maturation

T-lymphocytes originate from hematopoietic stem cells in the bone marrow. Following
differentiation into common lymphocyte progenitor cells, future T-cells migrate to the thymus,
where they undergo both positive and negative selection prior to terminal differentiation into
subsets of T-lymphocytes controlling distinct and specific functions within the host immune

response. Figure prepared using Biorender.com.
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Following thymic development, naive T-cells travel via the blood stream to peripheral
lymphoid tissues, where a multitude of non-self antigens are presented via MHC
proteins expressed on the cell surface of antigen presenting cells (APC) (1). Naive T-
lymphocytes are maintained by numerous cytokines and chemokines (1). They
continue to circulate through peripheral lymphoid organs in search of APCs expressing
specific MHC-associated peptide antigens, which when encountered result in T-cell
proliferation and terminal differentiation (1).

T-cell mediated immunity

Exposure to cell-specific antigen terminates recirculation of naive T-lymphocytes and
initiates differentiation and proliferation into highly efficient effector T-cells (1).
Effector T-cells can bind the MHC-antigen complex with higher affinity than naive T-
cells and are functionally active on first encounter, as they do not require further
differentiation to maximally engage peptide antigen (1).

Effector T-cells recognize antigen via the T-cell receptor (TCR) with CD4 or CDS as
important coreceptors to assist the TCR complex to convey the initial activating signal
(1). Full activation requires a costimulatory second signal, best known of which are
B7 proteins (B7-1 and B7-2) expressed on the APC surface (1). B7 proteins interact
with the cluster of differentiation-28 (CD28) receptor expressed on most T-cells (1).
CD28-B7-protein binding enhances TCR signaling and is essential for full T-cell
activation (1). Failure of activation without co-stimulation ensures harmless foreign
substances and self tissue do not trigger T-cell responses, as they cannot induce B7

protein expression on the surface of APCs (Figure 1.2) (1).



Inhibitory signals are also present and are critical to terminate immune responses and
prevent uncontrolled and unlimited T-cell activation (1). In large part this is
accomplished via the action of immune checkpoints, which are discussed further in the

following sections.

Antigen recognition

APC T-cell No response

MHC TCR
APC T-cell

T-cell proliferation
and differentiation

Figure 1.2: T-cell activation

T-cell activation requires two co-stimulatory signals. Firstly, non-self (i.e. tumoral) antigen is
presented via MHC molecules on the APC and recognized by the TCR. (A) In the absence of a
co-stimulatory signal, T-cell activation does not occur, and T-lymphocytes remain in the resting
state. (B) Following CD28 binding to B7 proteins (CD80/CD86) on the APC, a co-stimulatory
second signal leads to T-cell activation, proliferation, and terminal differentiation.
Abbreviations: APC, antigen presenting cell; MHC, major histocompatibility complex; TCR,

T-cell receptor. Figure prepared using Biorender.com.
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1.2.1

1.2.1.1

Immune checkpoints

The duration and amplitude of immune responses are continually regulated via the
integration of multiple competing stimulatory and inhibitory signals. Cytotoxic T-
lymphocyte associated protein-4 (CTLA-4) and programmed cell death protein-1 (PD-
1) are important inhibitory immune checkpoints expressed by T-cells which interfere
with CD28 binding to B7-family ligands on the APC. The mechanism by which
CTLA-4 and PD-1 regulate T-cell responses is shown in Figure 1.3.

Cytotoxic T-lymphocyte associated protein-4

CTLA-4, also known as cluster of differentiation 152 (CD152), is an inhibitory
immune checkpoint expressed by both CD4+ and CD8+ T-lymphocytes (2). CTLA-4
along with CD28 and inducible T-cell co-stimulator (ICOS), express varying degrees
of structural homology and comprise receptors within the CD28 gene superfamily (3).
These receptors share a common protein structure with singular extracellular and
transmembrane domains and cytoplasmic components incorporating one or more
tyrosine signaling motifs (3). The structural configuration of the CD28 family of
receptors is complementary to B7 proteins expressed by APCs, which act as the main
receptor ligands (3).

CTLA-4 gene structure and function

The gene structure of CTLA-4 is highly conserved across mammalian species and
contains four exons (4). During gene transcription, CLTA-4 can undergo alternative
splicing, with four splice variants previously described (3, 4). Full length CTLA-4
mRNA contains all four exons, and the resultant protein contains a transmembrane

region, cytoplasmic tail, and extracellular domain capable of binding B7 proteins (3).
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Figure 1.3: Immune checkpoints

Following T-cell activation, CTLA-4 expression is upregulated on the T-cell surface. Due to
the higher affinity of CTLA-4 for B7 proteins, CD28 is displaced. By removing the
costimulatory signal, further T-cell activation and proliferation is repressed. In the tumor
microenvironment, cancer cells often express PD-ligands which interact with PD-1 to repress T-
cell responses against tumor antigens.

Abbreviations: APC, antigen presenting cell; CTLA-4, cytotoxic T-lymphocyte associated
protein-4; MHC, major histocompatibility complex; PD-1, programmed cell death protein-1;
PD-L1, programmed cell death ligand-1; PD-L2, programmed cell death ligand-2; TCR, T-cell

receptor
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1.2.1.3

In contrast, transcripts of CTLA-4 that do not contain all four exons lack
transmembrane and ligand binding domains needed to interact with B7 proteins (3, 4).
Full length CTLA-4 is rapidly upregulated following T-cell activation, whereas splice
variants are the predominant form in resting T-cells (5). Soluble (splice variant) forms
of CTLA-4 potentially inhibit regulatory T-cell (Treg) function, which have been
implicated in multiple autoimmune endocrine disorders (3, 6).

CTLA-4 polymorphisms

CTLA-4 polymorphisms have been implicated in the pathogenesis of human
autoimmune diseases (7). In animal models, biallelic knockout of CTLA-4 in mice
results in fatal multi-organ auto-inflammatory reactions within two-four weeks after
birth (8). Heterozygous mutations resulting in reduced levels of CTLA-4 mRNA and
protein have been described in humans (9, 10). Affected individuals develop severe
immune dysregulation characterized by hypergammaglobulinemia, recurrent infection
and multisystem autoimmunity, supporting the pivotal role of CTLA-4 in maintenance
of immune self-tolerance (9, 10).

Regulation of CTLA-4 expression

CTLA-4 expression is upregulated following activation of CD4+ and CD8+ T-
lymphocytes. CTLA-4 is also constitutively expressed by Trec cells and has been
documented on B-cells, dendritic cells, monocytes, granulocytes and other immune
cells where its function remains less clear (3).

Regulation of CTLA-4 expression occurs via transcriptional and post-transcriptional
processes (3). Post-transcriptionally, localization of CTLA-4 within T-cells is

regulated and depends on the phosphorylation status of the cytoplasmic domain (3). In



1.2.14

resting (inactivated) T-cells, minimal CTLA-4 is present on the cell surface and is
largely compartmentalized within intracellular Golgi vesicles, lysosomes, and
endosomes. Although CTLA-4 is continuously trafficked to the cell surface, it is
rapidly internalized by clathrin adaptor proteins AP-1 and AP-2 (11). CTLA-4
internalization is regulated through the phosphorylation status of the cytoplasmic
domain. CTLA-4 is bound and internalized by AP-2 in the unphosphorylated state (12).
However, phosphorylation of the CTLA-4 cytoplasmic domain occurs following T-
cell activation, which inhibits internalization and promotes surface expression and
localization of CTLA-4 to the immune synapse (3). Surface expression of CTLA-4 is
proportional to the intensity of TCR stimulation (3). Through this mechanism and
others, diversity in T-cell responsiveness can be maintained via CTLA-4 induced
negative feedback to limit the amplitude and duration of immune activation (3).
CTLA-4 function

The predominant role of CTLA-4 occurs via its potent inhibitory effects on T-cell
proliferation, activation, and proinflammatory cytokine production (3). However,
CTLA-4 participates in other facets of the immune response via regulation of T-cell
effector function and constitutive expression in Treg cells (3). The importance of
CTLA-4 in Trec function has been illustrated in selective knockout models, wherein
mice with deletion of CTLA-4 limited to Trec cells display a multi-system
lymphoproliferative phenotype like that observed in non-selective CTLA-4 knockout
mice (13).

Relative to CD28, CTLA-4 has a greater affinity for B7 molecules expressed on the

APC surface (14). CTLA-4 engages with B7 proteins in a multivalent orientation that
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1.2.2.1

enhances the inhibitory function relative to CD28, which engages only a single B7
molecule (14). By binding multiple B7 molecules simultaneously, CTLA-4 promotes
high avidity clustering of B7 which enhances its affinity (14). CTLA-4 expression also
regulates T-cell responses via multiple cell-extrinsic mechanisms. For instance,
CTLA-4 may reduce CD80/CD86 expression on APCs and can deplete tryptophan, an
amino acid critical for T-cell activation, via induction of indoleamine 2,3 dioxygenase
(IDO) from dendritic cells (15).

Programmed cell death protein-1

Programmed cell death protein-1 (PD-1), also known as cluster of differentiation 279
(CD279), binds and acts via its receptors programmed death ligand-1 (PD-L1) and
programmed death ligand-2 (PD-L2) (16). The primary function of PD-1 is to regulate
T-cell responses at peripheral tissues to maintain tolerance and minimize host tissue
damage in the setting of T-cell activation (17).

PD-1 gene structure and function

The human PD-1 gene (PDCD1) contains five exons (18). Four splice variants of
human PD-1 have been identified and result in a soluble PD-1 protein like that
observed in splice variants of CTLA-4 (19). The functional significance of most splice
variants remains unclear, although the splice variant lacking exon 3 has been associated
with several autoimmune diseases (3). Soluble PD-1 can also be detected in multiple
inflammatory and autoimmune diseases, such as rheumatoid arthritis where soluble
PD-1 levels are increased in patient synovial fluid and sera, and may act as a biomarker

for disease severity (20).
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The PD-L1 and PD-L2 genes are structurally similar and co-located in the genome,
separated by only 42 kb pairs (3). Splice variants of PD-L1 and PD-L2 have been
reported, but functional implications of such variants are currently not well
characterized (3).

PD-1 polymorphisms

Autoimmunity and cancer susceptibility have been associated with polymorphisms in
the PDCD1 gene encoding PD-1 (3). In animal models, PDCD1 knockout promotes
development of autoimmune dilated cardiomyopathy and systemic lupus
erythematosus in BALB/c mice and aged C57BL/6 mice respectively (21, 22). Select
PDCD1 single nucleotide polymorphisms (SNP) in humans have been associated with
altered susceptibility to systemic lupus erythematosus, viral hepatitis B and multiple
sclerosis (3).

Regulation of PD-1, PD-L1 and PD-L2 expression

PD-1 expression is inducible following TCR activation or in the setting of chronic
inflammation, specifically by inflammatory cytokines such as interleukin (IL)-2, IL-7,
IL-15, IL-21 and interferons (IFN) (3, 23). PD-1 expression occurs rapidly within 24
hours of T-cell activation, but is transient, with PD-1 levels declining in tandem as
antigen is removed (3). Prolonged T-cell activation, such as occurs with chronic viral
infection or some cancers, can promote continuous high levels of PD-1 expression and
lead to a state of T-cell exhaustion (3).

PD ligands have distinct expression patterns. PD-L1 is constitutively expressed widely
throughout the body, whereas PD-L.2 expression is more restricted and limited to APCs

during conditions of inflammation (3). Unlike CTLA-4, local expression of PD-L1
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enables the PD-1 pathway to regulate immune responses in a tissue specific fashion
(3). Induction of PD-L1 is predominately driven by type 1 and type 2 IFNs as well as
tumor necrosis factor. Conversely, PD-L2 expression is driven mainly by IL-4 and
granulocyte-monocyte colony stimulating factor (24).

PD-1 function

PD-1 is expressed in the setting of T-cell or B-cell activation and regulates the
amplitude and duration of the local immune response via interaction with its ligands
PD-L1 and PD-L2 (17). After binding its ligand, PD-1 attenuates further T-cell
activation via a negative costimulatory effect which inhibits further TCR signaling
(25). Additionally, PD-1 can induce dephosphorylation of CD28, thereby reducing
CD28-mediated co-stimulation required for T-cell activation (17).

Cancer immunotherapy

The role of the immune system in cancer development and the potential for immune
therapies targeting cancer have been scientifically evaluated for the better part of the
last century. As early as the 1920’s, it was recognized that increased lymphocytic
infiltration of explanted tumors was predictive of improved survival in cancer patients
(26). In 1943, immunization of mice with tumor antigen could block development of
the same tumor in the immunized animal (27). A major breakthrough occurred in 1968,
when for the first time it was demonstrated that lymphocytes could inhibit growth of
multiple cancer types in vitro (28). These discoveries and others formed the bedrock
for understanding modern tumor immunology and led to the discovery of multiple
immune checkpoints which regulate immune cell function and participate in anti-tumor

immune responses (29). As immune checkpoints are frequently overexpressed in the

12



1.3.1

1.3.1.1

tumor microenvironment, they represent targetable entities and monoclonal antibodies
antagonizing these checkpoints, termed immune checkpoint inhibitors (ICI), have been
developed.

Immune checkpoint inhibitors

Monoclonal antibodies have been developed which are capable of inhibiting CTLA-4,
PD-1, and other critical immune checkpoints responsible for restraining the activation
and proliferation of T-lymphocytes under normal physiologic conditions (Figure 1.4).
These medications have shown durable anti-tumor responses in a wide range of
malignancies. Currently, there are over 2000 clinical trials completed or in progress
evaluating over 30 different checkpoint inhibitors, many of which are already in
widespread clinical use (2).

CTLA-4 blockade

CTLA-4 was the first checkpoint receptor to be clinically targeted and demonstrate
antitumor efficacy in preclinical studies (30, 31). Based on preclinical data, ipilimumab
and tremelimumab, two antibodies targeting CTLA-4, were developed and initially
tested in patients with metastatic melanoma (32). Ipilimumab, a fully humanized IgG1
antibody against CTLA-4, has a plasma half-life of approximately 14 days (2). Phase
III trials of ipilimumab administered third-weekly for up to four doses in patients with
metastatic melanoma demonstrated improvements in overall survival, paving the way
for approval by the US Food and Drug Administration (FDA) in 2011 (33, 34).
Tremelimumab failed to demonstrate improvements in overall survival in its pivotal

phase I1I trial (32).
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Figure 1.4: Immune checkpoint inhibitors

Monoclonal antibodies targeting specific immune checkpoints are available and in widespread
clinical use as adjuvant and neoadjuvant treatment for an ever-increasing number of
malignancies. At present, the most well characterized include CTLA-4 inhibitors ipilimumab
and tremelimumab, PD-1 inhibitors nivolumab and pembrolizumab, and PD-L1 inhibitors
avelumab and atezolizumab.

Abbreviations: APC, antigen presenting cell; CTLA-4, cytotoxic T-lymphocyte associated
protein-4; MHC, major histocompatibility complex; PD-1, programmed cell death protein-1;
PD-L1, programmed cell death ligand-1; PD-L2, programmed cell death ligand-2; TCR, T-cell

receptor

14




1.3.1.2

Further trials of CTLA-4 inhibitors in other cancer types such as non-small cell lung
cancer, renal cell carcinoma, prostate cancer and others have failed to produce
significant improvements in overall survival (32). The initial trials of ipilimumab also
documented a novel class of adverse drug reactions, thought to be autoimmune in
origin (33, 34). These were termed immune related adverse events (irAEs) and remain
a common feature of all checkpoint inhibitor trials to date (29). Class and organ
specific irAEs will be discussed further in section 1.4. As survival improvements with
anti-CTLA-4 antibodies were relatively modest and associated with significant
toxicity, anti-CTLA-4 monotherapy has largely been abandoned. However, CTLA-4
checkpoint inhibitors continue to be used in combination with anti-PD-1 antibodies
(see 1.3.1.4) in a variety of cancers and are subject to ongoing research attempting to
refine the anti-CTLA-4 effect against the tumor with less off-target toxicity (29).
PD-1 blockade

Following the clinical success of CTLA-4 inhibitors, blockade of other checkpoints
became an intense focus of cancer immunotherapeutics. The PD-1 pathway has been
the most extensively studied, with several agents in routine clinical use and many more
undergoing further clinical investigation (17, 32). As highlighted previously, PD-1
deficient mice express a less severe autoimmune phenotype than mice deficient in
CTLA-4 (8, 22). Phenotypic differences arise via mechanism of action, with CTLA-4
effect most prominent during early stages of T-cell activation, whereas PD-1 inhibits
T-cell activity during the effector phase at local sites within tissues or tumors (32).
This may underly the non-inferior efficacy and superior side effect profile of PD-1 and

PD-L1 inhibitors relative to CTLA-4 based checkpoint inhibitors. Nivolumab, and

15



1.3.1.3

shortly thereafter pembrolizumab, were the first PD-1 inhibitors to undergo evaluation
and shortly thereafter enter clinical practice (29).

Nivolumab, a fully humanized IgG4 antibody against PD-1, was the first PD-1
inhibitor to undergo clinical testing starting in 2006 (35). Complete or partial responses
were observed in multiple cancer types, which were then advanced to large scale phase
III clinical studies. The results of phase III trials led to FDA approval of nivolumab for
metastatic melanoma in 2014, and for non-small cell lung cancer and renal cell
carcinoma in 2015 (17). It has gone on to be approved for use in multiple other cancer
types and has over 1000 trials currently registered evaluating the safety and efficacy
of nivolumab in a wide range of tumors (36).

Pembrolizumab, a recombinant humanized IgG4 antibody against PD-1 was the first
PD-1 inhibitor to be trialed in humans, and gained FDA approved for treatment of
unresectable or metastatic melanoma in 2014 (17). It has now been approved for use
in 10 different cancer types with over 1300 clinical trials completed or in progress to
evaluate safety and efficacy in an expanded range of human cancers (36).

PD-L1 blockade

Increased expression of PD-L1 has been demonstrated in multiple cancer types such
as melanoma, lung, and ovarian (37). Additionally, immune cells located within the
tumor microenvironment frequently overexpress PD-L1 (37, 38). Preclinical research
suggested benefit of PD-L1 blockade in numerous animal and cell culture models of
malignancy, paving the way for human trials and approval of multiple PD-L1 inhibitors
starting with atezolizumab in 2016 for urothelial carcinoma, followed by avelumab in

2017 and durvalumab in 2018 (17, 36).
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PD-L1 inhibitors produce responses that are phenotypically similar to those observed
with PD-1 blockade, although PD-L1 antagonism may induce additional responses via
antibody dependent cellular cytotoxicity and natural killer cell responses, which are
not a major component of PD-1 inhibitors (17). PD-L1 may also interact directly with
CD80, such that PD-L1 inhibitors effectively block this interaction, whereas PD-1
inhibitors leave the PD-L1-CD80 inhibitory signal intact (39). PD-L1 tumor expression
can be measured using immunohistochemistry and has utility as a predictive biomarker
for selecting patients likely to respond to PD-1 or PD-L1 checkpoint inhibitor
treatment in select malignancies (40).

Combined CTLA-4 and PD-1/PD-L1 blockade

Trials combining CTLA-4 and PD-1 checkpoint inhibitors began in 2009 (29).
Improved outcomes were postulated on the assumption that anti-CTLA-4 and anti-PD-
1 antibodies would act complementarily via inhibitory effects on distinct, non-
redundant pathways regulating T-cell and other immune cell responses. It quickly
became evident that impressive clinical responses were possible, leading to the first
large phase III trial of combined ipilimumab and nivolumab versus either alone (41).
Results were impressive, and combined ipilimumab plus nivolumab treatment resulted
in superior long-term survival compared to nivolumab or ipilimumab monotherapy in
patients with advanced melanoma (42). Survival benefits from combination treatment
were also sustained during prolonged follow-up, although 55% of patients treated with
ipilimumab and nivolumab experienced adverse events of grade 3 severity or higher,
double the rate experienced with nivolumab monotherapy and triple that with

ipilimumab monotherapy (42). Combination treatment with ipilimumab and
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nivolumab was FDA approved for treatment of melanoma in 2015, and combined
CTLA-4 and PD-1 blockade has since been approved for management of multiple
cancers including renal cell carcinoma, non-small cell lung cancer, colorectal cancer,
hepatocellular cancer and pleural mesothelioma (29). Subsequent studies have trialed
lower doses of ipilimumab, or extended dosing intervals to mitigate drug related
toxicity and irAEs, which remain a frequent and clinically significant complication of
treatment using ICIs from both CTLA-4 and PD-1/PD-L1 classes.

Immune related adverse effects

As characterized in the previous sections, immune checkpoints act physiologically to
constrain T-cell activation and promote appropriate immune responses against foreign
antigens. As such, immune checkpoints are part of an intricate system which can
identify and destroy non-self entities whilst minimizing host tissue damage and
providing a safeguard against development of autoimmune disease. Immune
checkpoint inhibitors antagonize CTLA-4 and PD-1 pathways, which strongly enhance
anti-tumor immune responses, but are associated with off target inflammatory and
autoimmune effects known as irAEs (43).

IrAEs are highly prevalent and effect the majority of patients treated with ICIs (44).
IrAEs range in severity from mild to life threatening and are characteristically graded
using the Common Terminology Criteria for Adverse Events (CTCAE) (Table 1.1).
They can occur in any organ system with unique class-specific and tumor-specific
differences (Figure 1.5) (43, 45, 46). IrAE onset is usually within 4 months of the first
administered ICI dose, although hyperacute (within days) and delayed onset (>1-year)

cases have been reported (45). Quantitatively, there is a threefold increased risk for
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irAE onset during the first 4-weeks of treatment relative to the period between 4-weeks

and treatment cessation (45, 47).

Table 1.1: Common Terminology Criteria for Adverse Events

Grade Definition

1 Mild; asymptomatic or mild symptoms; clinical or diagnostic observations only;
intervention not indicated.

2 Moderate; minimal, local, or noninvasive intervention indicated; limiting age-
appropriate instrumental activities of daily living.

3 Severe or medically significant; hospitalization or prolongation of hospitalization
indicated; disabling; limiting self-care activities of daily living.

4 Life-threatening consequences: urgent intervention indicated

5 Death related to adverse event

14.1 Class-specific differences in irAE presentation with CTLA-4 checkpoint

inhibitors compared to PD-1 checkpoint inhibitors

CTLA-4 and PD-1 based ICIs exhibit distinct patterns of irAEs, consistent with their
unique and non-redundant targets within the immune system. Serious (CTCAE grade
3 or higher) irAEs occur more frequently with CTLA-4 inhibitors than with PD-1 or
PD-L1 inhibitors (48). Following treatment with ipilimumab, 31% of irAEs were
classified as CTCAE grade 3 severity or higher (48). However, following PD-1
inhibitor treatment with nivolumab or pembrolizumab, only 10% of irAEs were
classified as severe (48). Combination ICI treatment with CTLA-4 and PD-1 inhibitors
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increases the toxicity profile further (45). Following treatment with ipilimumab and
nivolumab, 90% of patients experienced an irAE, two-thirds of which were classified
CTCAE grade 3 or above (49). Organ specific irAE affinity differs between CTLA-4
and PD-1 ICIs. Following treatment with CTLA-4 inhibitors, patients are more likely
to develop colitis (odds ratio [OR] 8.7) and hypophysitis (OR 6.5) (48). Following PD-
1 inhibitor treatment, patients experience a different pattern of irAEs, with pneumonitis

(OR 6.4), thyroiditis (OR 4.3), and arthralgias (OR 3.5) predominating (48).
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Figure 1.5: Immune related adverse events

Immune checkpoint inhibitor treatment can provoke inflammation and autoimmunity in any
organ system. The most frequently encountered irAEs occur within dermatologic, endocrine
(highlighted in red), and gastrointestinal systems. They can vary in severity from asymptomatic

to life threatening. Figure prepared using Biorender.com.
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Risk factors for irAE development

Definitive risk factors have not been reliably identified, although tumor-specific and
patient-specific factors likely impact the probability of irAE development (50). From
a tumor perspective, two studies have demonstrated clonal T-cell populations with
shared TCR sequences in tumors and irAE affected organs (51, 52). In a similar vein,
patients with melanoma are prone to development of vitiligo following ICI treatment,
suggesting shared epitopes between melanoma cancer cells and normal melanocytes
that become indistinguishable to T-cell populations activated against the tumor (53).
Further mechanistic examples include pituitary CTLA-4 expression as a mediator of
ICI-induced hypophysitis and analysis of intestinal microbiota has utility in identifying
patients at heightened risk of ICI-induced colitis (54, 55). Patient factors have less
robust evidence to support an association with irAE development (56). Male sex, renal
impairment and elevated body mass index have been suggested as risk factors in small
observational studies (57, 58). However, findings have not been confirmed in larger
clinical trials, thus rendering the clinical significance of such demographic factors
uncertain (50).

Patients with pre-existing autoimmune disorders are vulnerable to disease reactivation
following ICI-treatment (59-61). Patients without a personal history, but who have a
family history of autoimmune disease also appear to have increased likelihood of
developing irAEs (45, 62). It is possible that many patients who develop irAEs could
have subclinical pre-existing autoimmunity which is manifest following ICI treatment
and resultant immune activation. This is suggested by multiple studies which have

identified pre-treatment autoantibodies in patients who later developed organ-specific
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irAEs (45). Examples include anti-thyroid antibodies in patients who develop
thyroiditis, acetylcholine receptor antibodies in patients who develop myocarditis, anti-
nuclear antibodies in patients who develop colitis, and pneumonitis in patients with
anti-CD74 antibodies (63-66). Other patient-specific immune factors, such as
treatment related changes in B-cell populations and pro-inflammatory cytokines may
also have utility in predicting patients destined to develop ICI-related irAEs (67, 68).
Survival implications of irAEs

Although irAEs are an unintended and off-target effect of ICI treatment, early studies
suggested patients who developed an irAE paradoxically experienced better outcomes
than patients who remained unaffected (69-73). These findings were subsequently
validated by analyses of large, prospective randomized clinical trials, which also found
irAE development to be associated with improvements in tumor response and
progression free survival (69, 74, 75). Recent meta-analyses of real-world
observational data across multiple cancer types and ICIs continue to support an
association between irAE development and improvements in cancer related survival
(76, 77). Data also suggests that endocrine irAEs, particularly thyroid irAEs, may exert
a particularly beneficial association with overall and progression free survival in cancer
patients (71, 72).

Thyroid immune related adverse effects

Thyroiditis, and resultant thyroid dysfunction, is one of the most common occurring
irAEs following ICI treatment (78). Despite their high prevalence, little was known

about thyroid irAEs at the commencement of my doctoral studies in 2019. As such, my
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1.5.1

1.5.2

thesis project was designed to fully characterize thyroid irAEs and better define their
clinical and prognostic significance as an adverse effect of ICI treatment.

In the following sections of this chapter, I briefly review the anatomy and physiology
of the thyroid gland, followed by a systematic review encompassing knowledge of
thyroid irAEs prior to my own research. To complete my introductory chapter, I
present data from a second narrative review, authored recently, which updates the
original review with data we generated over the past three years as well as research
from other groups that enhanced the knowledge and understanding of thyroid irAEs.
Anatomy of the thyroid gland

The thyroid is a butterfly shaped organ located in the anterior neck, inferior to the
thyroid cartilage. It consists of two lobes connected by a central isthmus. The thyroid
is highly vascular and adult weight typically ranges between 15-25 grams (79). The
thyroid gland is organized into follicles, which vary in size and contain abundant
colloid. Colloid acts as a bank of thyroglobulin, which is required for thyroid hormone
biosynthesis. Follicles are lined by a single layer of thyroid epithelial (follicular) cells,
which are highly specialized to accept iodine from the bloodstream and utilize it for
thyroid hormone biosynthesis (79). Follicles are supported by thyroid parenchyma
containing parafollicular c-cells and a highly vascularized capillary network (79).
Physiology of the thyroid gland

The thyroid is under the direct control of pituitary thyrotrope cells via the action of
thyroid stimulating hormone (TSH) (79). TSH secretion is pulsatile and occurs in
response to stimulation by hypothalamic thyrotrophin releasing hormone (79). Surface

receptors on the thyroid gland bind TSH, which stimulates the release of thyroid
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hormones thyroxine (T4) and triiodothyronine (T3) (79). Thyroid hormones exert
negative feedback on the pituitary and hypothalamus to maintain T4 and T3 within a
defined range (Figure 1.6). Disease states can arise which effect the thyroid, pituitary,
or hypothalamic regulation of thyroid hormone synthesis and secretion. When severe
and/or prolonged, dysregulation of thyroid function can precipitate states of
hypothyroidism and hyperthyroidism, which then manifest as multi-system metabolic
abnormalities. Thyroid irAEs arising after ICI treatment represent a discrete example
of thyroid pathology and will be reviewed in detail throughout the remainder of this

thesis.
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Figure 1.6: Hypothalamic-pituitary-thyroid axis
Classic endocrine negative feedback loop whereby TSH stimulates thyroid hormone synthesis
and secretion, which is then monitored by the pituitary and hypothalamus to regulate TSH and

maintain thyroid hormone concentrations within a controlled range.
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1.5.3

Peer-reviewed systematic review of thyroid immune related adverse events.
Published in Thyroid® at commencement of this candidature (see Appendix 1 for print
version)

Targeted cancer immunotherapy to enhance T-cell activation has revolutionized the
management of cancer. ICIs are the best studied of currently available cancer
immunotherapies. In multiple cancer types such as melanoma, non-small cell lung
cancer, renal cell cancer and others, ICIs have become standard of care with multiple
large randomized controlled trials confirming benefit in terms of tumor response,
progression free and overall survival (80). Immune checkpoint antagonists primarily
enhance anti-tumor immune responses via inhibition of the negative regulatory effects
of CTLA-4 and PD-1 pathways, although other pathways are also under investigation
(37). The CTLA-4 and PD-1 pathways are non-redundant and regulate immune
activation via unique mechanisms (37). Features of different immune checkpoint

inhibitors are presented in Table 1.2.

Table 1.2: Characteristics and properties of single agent immune checkpoint inhibitors

Ipilimumab Nivolumab Pembrolizumab
Trade name Yervoy Opdivo Keytruda
FDA approval 2011 2014 2014
Antibody target CTLA-4 PD-1 PD-1
Antibody type Recombinant human Fully humanized Recombinant human

IgG1 kappa IgG4 kappa IgG4 kappa

monoclonal antibody | monoclonal antibody | monoclonal antibody

Molecular weight 148 kDa 146 kDa 149 kDa
Adult dosin 3 —10 mg/kg q3- 240 mg q2-weekl
schedules ° weekly Xg4 (foges 480 mg 34-Week1§ 200 mg g3-weekly
Elimination half life 15 days 25 days 22 days
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Cytotoxic T-lymphocyte associated protein-4

Immune responses by way of T-cell activation, differentiation and proliferation are
dependent on co-stimulatory signals between the T-cell and the antigen presenting cell.
The first signal is through recognition of antigen derived peptides presented via major
histocompatibility complex proteins to T-cell receptors on CD8+ and CD4+ positive
T-cells. The second signal amplifies the effect of the first, and occurs following
recognition of B7 proteins (CD80, CD86) by CD28, also present on the T-cell
membrane (81).

CTLA-4 is a CD28 homolog (37, 80). Both CTLA-4 and CD28 are expressed on the
cell surface of CD4+ and CD8+ T-lymphocytes. They have opposite effects on T-cell
activation and as such CTLA-4 competes with CD28 for binding to B7 proteins
expressed by antigen presenting cells (37). Once bound, CD28 promotes T-lymphocyte
activation and clonal expansion. In contrast, CTLA-4 dampens T-cell signaling and
thereby suppresses immune activation (37). The affinity of CTLA-4 for B7 proteins on
antigen presenting cells is greater than that of CD28 (37). As such, surface expression
of CTLA-4 is inducible and increases following T-cell activation to prevent
uncontrolled T-cell activity (37). The primary role of CTLA-4 appears to be
maintenance of central tolerance, as evidenced by CTLA-4 knock-out mice who
develop systemic immune activation and fatal multi-organ autoimmunity (8).

Programmed cell death protein-1

In comparison, PD-1 is a primary regulator of peripheral tolerance and limits the
activity of effector T-cells at a tissue level (37). PD-1, unlike CTLA-4, exerts its effect

via interaction with its own specific ligands PD-L1 and PD-L2 (37). Once bound, PD-
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1 inhibits CD28 co-stimulatory signaling and dampens T-cell activation (78). Similar
to CTLA-4, PD-1 expression is very low in resting T-lymphocytes of healthy
individuals (78). Following T-cell activation, PD-1 surface expression is induced to
limit uncontrolled proliferation, effector function and survival (78). In cancer, tumor
cells often express PD-L1 which may directly lead to T-cell inactivation and avoidance
of anti-cancer immunity (37). As might be expected, animal PD-1 knockout models
result in a less severe phenotype than CTLA-4 knock-outs (21).

Immune related adverse events

The improvements in cancer outcomes observed with ICIs come with unintended off-
target effects, namely new onset autoimmunity termed irAEs. Immune related
complications occur in up to 80% of CTLA-4 and PD-1 treated patients (81). Anti-
tumor efficacy is improved with combined CTLA-4 and PD-1 blockade compared to
single agent monotherapy, but the risk of irAEs increase in tandem (81).
Manifestations range from mild to life-threatening and the spectrum of irAEs differ
between CTLA-4 and PD-1 inhibition (43). Immune adverse effects have been
reported in multiple organ systems, with the endocrine system appearing particularly
susceptible. Hypophysitis and thyroiditis are the most common endocrine
manifestations, with the former more likely following anti-CTLA-4 treatment and the
latter with anti-PD-1-based therapy (48). Endocrine irAEs are often irreversible, unlike
irAEs that occur in other organ systems. This is particularly interesting in the setting
of thyroid irAEs, as autoimmune thyroiditis normally requires years to decades of

immune mediated lymphocytic infiltration before hypothyroidism results, whereby
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progression to overt hypothyroidism following ICI treatment can develop within weeks
to months (82).

Thyroid dysfunction is the most common irAE following ICI treatment. Description of
thyroid irAEs across studies is not standardized, and the true prevalence and
mechanism of this phenomenon is not well understood. Thyroiditis following ICI
treatment provides a new model to study the origin and pathogenesis of autoimmune
thyroid disease more generally. As such, we endeavored to assess the incidence,
etiology, clinical course and other features of thyroid dysfunction developing as an
adverse effect of ICI-based treatment.

Search strategy

We performed a review of published articles reporting irAEs affecting the thyroid in
patients with advanced cancer who underwent ICI treatment. A search of Medline,
Embase and PubMed databases identified relevant articles published prior to
November 15, 2019. Additionally, we manually reviewed references of included
studies for further literature of relevance. In PubMed, we searched keywords “safety”
OR “side effects” OR “adverse events” AND “ipilimumab” OR “nivolumab” OR
“pembrolizumab” OR “CTLA-4” OR “PD-1” with article type restricted to clinical
trial, controlled clinical trial, multicenter study, observational study and randomized
controlled trial. We searched the same keywords in Medline and Embase with results
restricted to human and English language studies.

Selection criteria included studies that (a) investigated the use of ICIs in the treatment
of cancer; (b) reported on irAEs related to thyroid function; and (c) were published in

the English language. Phase 3 randomized trial data were assessed to determine the
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incidence of thyroid irAEs. To further characterize thyroid irAEs, all study types
(including case reports) which described specific effects of immune checkpoint
blockade on thyroid function were included. Exclusion criteria included (a) animal
studies; (b) review articles, systematic reviews, and meta-analyses; (c) editorials and
letters to the editor; and (d) phase I/II trials without a specific focus on thyroid-related
outcomes.

Study characteristics

The search strategy identified 3086 studies. Following eligibility assessment and
removal of duplicate articles, 288 full text articles were selected for further assessment.
Of the articles reviewed, 78 fulfilled our inclusion and exclusion criteria. We extracted
two additional articles by reviewing references of studies identified through our
database search. Results included 30 phase III randomized clinical trials, which were
used to calculate the incidence of thyroid irAEs and 50 observational, cohort and case
studies that were used to describe the clinical features of thyroid irAEs in greater detail.
Incidence

Thyroid dysfunction has been observed following treatment with both CTLA-4 and
PD-1 inhibitors in multiple cancer subtypes. The mean incidence of thyroid irAEs in
phase III clinical trials is 10.8%, although rates vary widely between different ICIs
(Figure 1.7).

In phase III trials of ipilimumab, a CTLA-4 inhibitor, 3863 patients with melanoma or
lung cancer were treated and thyroid dysfunction developed in 4.7% (range 2.0-10.4%)
of exposed patients (33, 34, 83-89). Both hyperthyroidism and hypothyroidism were

reported, possibly manifestations of the same disorder detected at different phases of
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evolution. The incidence of thyroid irAEs did not differ between 3mg and 10mg doses
of ipilimumab (84). Similarly, rates of thyroid irAEs were not significantly increased
when ipilimumab was combined with dacarbazine, gp100, or platinum-based

chemotherapy (33, 34, 85, 86).
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Figure 1.7: Mean incidence of thyroid irAEs in phase III randomized clinical trials of

immune checkpoint inhibitors for treatment of advanced cancer

Nivolumab, a PD-1 inhibitor, has been tested for treatment of multiple cancer types,
including melanoma, lung, head and neck, gastric and renal cancers. In phase III trials,
227 of 2566 (8.8%) patients treated with nivolumab developed thyroid irAEs (87, 89-
96). As with ipilimumab, both hyperthyroidism and hypothyroidism were reported,

and most cases were of mild severity. The prevalence of thyroid irAEs ranged from
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3.7 — 15.1%, with seemingly higher rates in melanoma (11.4%) compared with other
solid organ cancers (5.5%). Interestingly, in a study of melanoma patients treated with
nivolumab after disease progression on ipilimumab, the incidence of thyroid irAEs was
15.1%, suggesting sequential treatment may increase risk to a similar degree as
concomitant CTLA-4 and PD-1 checkpoint blockade (91).

Pembrolizumab, a second anti-PD-1 checkpoint inhibitor, has also been used
successfully to treat multiple cancer subtypes. Of 4445 patients treated in phase III
clinical trials, 694 (15.6%) developed a thyroid irAE (88, 97-106). This is double the
incidence reported with nivolumab, despite working via inhibition of a common
pathway and almost four times as frequent as with ipilimumab. The incidence of
thyroid irAEs ranged from 10.6 — 27.4% and like other immune checkpoint inhibitors,
the risk was not dose dependent and occurred at similar rates irrespective of the dose
or dosing interval (88, 101, 102). Pembrolizumab has been used in combination with
dexamethasone for the treatment of multiple myeloma in two studies (107, 108).
Interestingly, the incidence of pembrolizumab-induced thyroid irAEs were lower in
multiple myeloma (9.1%) then in other cancer subtypes (15.6%) (107, 108). At present
it is unclear whether co-administration of dexamethasone with pembrolizumab may
prevent thyroid irAEs, or if another factor may be responsible for the lower rate of
irAEs observed in multiple myeloma patients.

Combination treatment with ipilimumab plus nivolumab has been trialed in melanoma,
renal cell cancer and lung cancer with and without high mutational burden (89, 95,
109). Thyroid toxicity was similar to that observed with pembrolizumab treatment, but

greater than with ipilimumab or nivolumab. In 1436 patients treated with combined
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ipilimumab plus nivolumab, 230 (16.0%) developed a thyroid irAE. Similar to
ipilimumab monotherapy, the incidence of thyroid irAEs was more common during
treatment of melanoma (24.9%), then during treatment of lung cancer (11.6%) or renal
cell cancer (15.5%).

PD-L1 inhibitors are another class of ICI in routine use for treatment of cancer. In
phase III trials of the PD-L1 inhibitor atezolizumab, 332 of 1493 (22.2%) of patients
experienced a thyroid irAE (110-113). Hypothyroidism was the reported thyroid irAE
in 75% of cases, with the remainder recorded as hyperthyroidism. Durvalumab, a
second PD-L1 inhibitor, was also associated with a high prevalence of thyroid irAEs,
affecting 100 of 740 (13.5%) treated patients in phase III randomized clinical trials
(114, 115). The ratio of hypothyroidism to hyperthyroidism with durvalumab was
similar to that observed with atezolizumab.

Etiology:

The etiology of thyroid irAEs after immune checkpoint blockade remains unknown.
Two case reports have been published describing histological changes observed in
thyroid irAEs. The first was a cytology specimen in a patient who developed thyroiditis
during combination immunotherapy with ipilimumab and nivolumab (116). Key
cytologic features were lymphocytic infiltrates admixed with necrotic cells with a
distinct absence of follicular cells (116). A second case underwent thyroidectomy for
control of thyrotoxicosis during combined treatment with ipilimumab plus nivolumab
(117). Similar to the aforementioned case, CD8+ lymphocyte predominant infiltrates

were observed in association with colloid granulomas and damaged thyroid follicles
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(117). Taken together, these cases suggest a destructive inflammatory thyroiditis and
were histologically distinct from changes normally associated with Graves’ disease.
Imaging of the thyroid in patients with ICl-associated thyroid irAEs have also
suggested thyroiditis as the cause of thyroid dysfunction. Uptake scans, when
performed, demonstrated diffusely reduced uptake (118-120). Thyroid ultrasound was
less sensitive and specific but demonstrated heterogeneous echogenicity and
hypervascularity suggestive of thyroiditis in the majority of patients scanned (121,
122). Thyroid avidity on FDG-PET was increased at the time of abnormal thyroid
function in 64-100% of cases, supporting an acute hypermetabolic process (119-121).
Computed tomography (CT) is uncommonly used for assessment of the thyroid, but is
the main modality used to monitor ICI treatment response. Acute inflammatory
thyromegaly on CT has been described in 2 cases with a doubling-tripling of thyroid
volume occurring within 3 days of combined ipilimumab plus nivolumab treatment
and associated with localized neck swelling (123). Thyromegaly in these cases
resolved spontaneously without treatment and returned to premorbid size on serial CT
examination, also in keeping with a transient inflammatory process (123).

Clinical manifestations:

Although the incidence of thyroid irAEs can be estimated from clinical trials,
descriptions of the presentation and course of thyroid irAEs have been more difficult
to elucidate. Historically, clinical trials reported hypothyroidism, hyperthyroidism, and
thyroiditis as discrete entities. However, observational data suggests that each may
represent a manifestation of the same process — a destructive thyroiditis originating

with a thyrotoxic phase that progresses to hypothyroidism which may or may not
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recover. Thyrotoxicosis usually develops early, within 3 to 6 weeks after drug exposure
(Figure 1.8) (118, 124-132). The earliest recorded onset of thyrotoxicosis was 9 days
after first dose, but subclinical hyperthyroidism may be detected as early as 24 hours
after treatment initiation (130). Although most cases occur within weeks of the first
dose, onset of thyrotoxicosis greater than 1-year after treatment commencement has

been reported (128).
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Figure 1.8: Median time to development of hyperthyroidism following first dose of immune

checkpoint inhibitor.

The left, middle and right lines of the boxes correspond to the 25", 50" and 75" percentiles

respectively. The whiskers extend from minimum to maximum with o and * representing outlier

and extreme outlier values respectively.
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As with other irAEs, combination treatment with ipilimumab plus nivolumab appeared
to provoke thyrotoxicosis earlier than with anti-PD-1 monotherapy (127). The
thyrotoxic phase was usually painless and self-limited, lasting on average between 4
to 6 weeks (125-127, 129, 133). In the majority of cases thyrotoxicosis was
asymptomatic and specific treatment with glucocorticoids or anti-thyroid medication
was not required. As such, diagnosis often occurred incidentally during routine
monitoring of thyroid function tests. However, severe cases have been described (134,
135). Multiple endocrine toxicities in the same patient can occur, particularly with
combination therapy where up to one-third of patients who experience a thyroid irAE
can develop a synchronous hypophysitis or checkpoint inhibitor associated diabetes
mellitus (128, 136-140).

Following the thyrotoxic phase, most of the cases progress to hypothyroidism,
although some may recover euthyroidism without an intervening hypothyroid period
(125-130, 141, 142). Early onset of thyrotoxicosis (within 4 weeks) may predict
progression to hypothyroidism, whereas delayed onset may be less likely to be
followed by an overt hypothyroid phase (132). Subclinical hyperthyroidism also
portended a good prognosis, as when present, likelihood for progression to overt
hypothyroidism was significantly reduced (118, 130, 142, 143). Similar to the
thyrotoxic phase, most cases of hypothyroidism were asymptomatic, although episodes
of myxedema crisis have been reported (144, 145). Overt hypothyroidism without a
preceding hyperthyroid phase may be the first manifestation of thyroid irAEs and the

incidence of primary hypothyroidism as the initial event varies between 10-60% (124,
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128, 131, 133, 143). Time to initial onset of hypothyroidism is typically longer than

that seen with thyrotoxicosis predominant presentations (Figure 1.9).
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Figure 1.9: Median time to development of hypothyroidism following first dose of immune

checkpoint inhibitor.

The left, middle and right lines of the boxes correspond to the 25", 50" and 75" percentiles

respectively. The whiskers extend from minimum to maximum with o and * representing outlier

and extreme outlier values respectively.

It is unclear whether this represents a separate form of thyroid irAE, or if the transient
thyrotoxic phase was asymptomatic and not clinically or biochemically detected. If
overt hypothyroidism developed, it was irreversible in a majority of cases and long-

term thyroid hormone replacement was required irrespective of whether
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hypothyroidism was preceded by a thyrotoxic phase or not (127, 131, 133, 143, 146,

147). Subclinical hypothyroidism exhibited greater potential for recovery and only a

minority required long term levothyroxine replacement (143). It is possible that milder

cases may represent a non-thyroidal illness effect secondary to generalized immune

activation rather than a true ICl-associated thyroiditis, although this remains to be

proven. The incidence and kinetics of thyroid dysfunction after ICI treatment are

summarized in Table 1.3.

Table 1.3: Incidence and kinetics of thyroid dysfunction after immune checkpoint inhibitor

treatment in published observational studies reporting thyroid irAEs

Ipilimumab +

phase; weeks median (range)

Ipilimumab Nivolumab Pembrolizumab
PD-1 inhibitor
N =195) IN=612) (N =362)
(N=290)

Thyroid abnormality; n (%)
Overt hyperthyroidism - 9(1.5) 3 (0.8) -
Overt hypothyroidism 5(2.6) 49 (8.0) 34(9.4) 29 (10.0)
Subclinical hyperthyroidism 20 (10.3) 7(1.1) --- 7(2.4)
Subclinical hypothyroidism 8(4.1) 30 (4.9) 3 (0.8) -
Thyrotoxic phase preceding

Not reported 31/49 (63.3) 25/34 (73.5) 27/29 (93.1)
hypothyroidism; n (%)
Permanent hypothyroidism;

Not reported 40/49 (81.6) 31/34 (91.2) 29/29 (100.0)
n (%)
Duration of thyrotoxic

Not reported 7 (2-20) 5 (4-6) 6 (2-11)

N — number of patients exposed to immune checkpoint inhibitor; n — number of patients affected
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Thyroid function monitoring:

Routine monitoring of thyroid function at 4-6 weekly intervals is recommended for all
patients on treatment with CTLA-4 and PD-1 inhibitors. Additional testing can be
offered to patients who develop symptoms of potential thyroid dysfunction (fatigue,
palpitations, etc.) outside of the recommended intervals (148).

Overt hypothyroidism is diagnosed in the setting of an elevated TSH and low free
thyroxine (FT4) concentration. Central hypothyroidism must be excluded in all
patients with biochemical hypothyroidism, especially in the setting of ipilimumab or
combination immunotherapy. If present, appropriate replacement of glucocorticoids in
addition to thyroid hormone is essential to avoid precipitation of adrenal crises.
Subclinical hypothyroidism will usually recover without treatment, whereas most
cases of overt hypothyroidism will require commencement and long-term continuation
of levothyroxine. Hypothyroidism does not mandate ICI treatment interruption and can
be continued during the investigation and management of thyroid dysfunction (148).
Overt hyperthyroidism is characterized by suppressed TSH and elevated FT4 levels.
Most episodes of thyrotoxicosis are asymptomatic and dedicated treatment is not
required. In symptomatic cases, temporary treatment with beta-blockers can help to
control symptoms. Thyrotoxic patients should be monitored closely (2 weekly
intervals) to detect early transition to hypothyroidism. When thyrotoxicosis is
prolonged (>6 weeks) or if high clinical suspicion, patients should be investigated for
Graves’ disease (GD) with measurement of thyroid stimulating antibody levels (148).

In most cases, ICI treatment can be continued throughout the period of thyrotoxicosis,
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although patients with grade 3 or higher toxicity should have further ICI treatment
withheld until the resolution of symptoms (148).

Pre-existing hypothyroidism:

Although immune checkpoint inhibition is best recognized as a cause of de novo
thyroid dysfunction, patients with pre-existing hypothyroidism are also susceptible to
thyroid irAEs. In one study of 63 patients with abnormal thyroid function prior to
treatment with CTLA-4 or PD-1 blockade, 43 (70%) experienced an exacerbation of
their thyroid dysfunction (149). The majority developed an exacerbation of
hypothyroidism requiring an increase or commencement of levothyroxine. However,
seven patients with established hypothyroidism on levothyroxine became thyrotoxic,
mandating temporary suspension of thyroid hormone replacement (149). Similar
findings have been reported in other studies of patients with pre-existing autoimmune
thyroid disease, highlighting the need for surveillance of thyroid function in all patients
receiving ICIs, even in those with long established hypothyroidism (60, 150-153).
Risk factors:

The etiology of irAEs is unknown, and it remains unclear why immune toxicity
develops in some patients and not in others. Thyroid irAEs are among the most
common and often result in permanent hypothyroidism requiring long term thyroid
hormone replacement. Onset is difficult to predict and reliable predictors of thyroid
irAEs have yet to be identified. The role of anti-thyroid antibodies has received the
most interest, but results have been inconsistent and do not reliably predict the

development or onset of thyroid irAEs.
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In a Japanese study of 200 consecutive patients treated with nivolumab, age, sex and
baseline TSH values were not predictive of overt thyroid dysfunction (132). However,
in one study thyroid avidity on FDG-PET (prior to nivolumab treatment) significantly
increased risk for development of thyroid irAEs. Positive thyroid uptake increased risk
by greater than 14-times relative to those without thyroid uptake on a baseline FDG-
PET (132). A second study of 99 patients treated with anti-PD-1 or combined CTLA-
4 and PD-1 inhibitors also found no relationship between age or sex and risk of thyroid
irAEs (142). However, unlike the Japanese study, they did find a significant
relationship between baseline TSH concentration and risk of overt thyroid dysfunction
(142). The mean TSH in subjects who developed overt thyroid dysfunction measured
2.72 mlIU/L, compared to 1.97 mIU/L in those who did not. Based on these data, a
baseline TSH >2.19 mIU/L was 76% specific and 53% sensitive for detection of overt
thyroid irAEs (142).

Anti-thyroid antibodies:

The significance of thyroid peroxidase (TPOAD) and thyroglobulin (TgAb) antibodies
in the pathogenesis of thyroid irAEs are unknown and their significance in the risk of
thyroid irAEs remains controversial. Several studies have reported a low frequency
(<30%) of positive TPOAb and TgAb in association with thyroid irAEs (122, 124, 133,
154). Others have reported increased prevalence of anti-thyroid antibodies in cases of
thyroid irAEs relative to controls unaffected by thyroid dysfunction (64, 129, 155,
156). This begs the question of whether immune checkpoint blockade is simply
unmasking pre-existing subclinical Hashimoto’s thyroiditis (HT) which then

progresses in an accelerated fashion versus a de novo process directly related to
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treatment with anti-CTLA-4 and/or anti-PD-1 medicines. One study supports the latter
and describes the onset of new TPOADb and TgAb positivity during the thyrotoxic phase
of thyroid irAEs in patients who were antibody negative at baseline (129). In another,
the presence of a TgAb at baseline provoked thyroid irAEs earlier than in TgAb
negative patients and higher titers of TgAb further decreased the time to onset of
thyroid dysfunction (156). Multiple other studies have not found a relationship
between antithyroid antibody status and the evolution timeline of thyroiditis (127,
133).

During assessment of hyperthyroidism related to anti-CTLA-4 and/or anti-PD-1
treatment, thyroid receptor antibody levels are typically not elevated (157). However,
there have been several case reports of GD occurring in patients undergoing immune
checkpoint blockade and two cases of euthyroid ophthalmopathy (120, 157-159).

Prognostic significance:

Drug toxicity following anti-cancer treatment with IL-2 and tyrosine kinase inhibitors
directed against the epidermal growth factor receptor is well known to correlate with
tumor response and patient survival. There has therefore been great interest in whether
the same relationship between toxicity and response exists in the setting of irAEs
following ICI treatment. Several studies suggest this may be the case and have reported
benefits in progression free survival (PFS) and overall survival (OS) following anti-
PD-1 treatment with development of irAEs (71, 73). However, such results are
inherently confounded by immortal time bias and no strong evidence yet supports a
strong relationship between toxicity and cancer prognosis. The presence of multiple

irAEs has also been shown to improve PFS and OS relative to patients with one or no
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irAEs (73). Organ specific autoimmunity has also been studied, particularly
dermatologic irAEs in melanoma patients treated with nivolumab and pembrolizumab,
where there is an association with improved PFS and OS (73, 160, 161).

Given that thyroid irAEs are among the most common adverse effects following anti-
PD-1 treatment, several studies have examined the relationship between thyroid
dysfunction and clinical outcomes. Although confined to observational studies, PFS
and OS were improved following the occurrence of a thyroid irAE. (71, 72, 129, 132,
162, 163). In two studies, where thyroid irAEs were subdivided into overt and
subclinical, overt thyroid dysfunction showed a trend toward improved outcomes
compared to when only subclinical disease was present, suggesting that not only the
presence of a thyroid irAE, but also the severity may be important in the relationship
between irAEs and clinical response (132, 162). Thyroiditis following blockade of PD-
L1 with atezolizumab or avelumab has also been reported to improve overall survival
in cancer patients in one study (164). No studies have yet reported on the prognostic
significance of thyroid irAEs following anti-CTLA-4 or combined CTLA-4 and PD-1
inhibitor treatment.

Outstanding questions

Continued research is necessary to improve our understanding of autoimmune thyroid
disease following immune checkpoint inhibition. The etiology of thyroid irAEs remain
unclear. Clinical manifestations are heterogenous, and it is not possible to predict who
will develop thyroid irAEs and whether they will progress to permanent
hypothyroidism requiring long term thyroid hormone replacement. Our view is that

heterogeneity of thyroid irAEs probably reflects that thyroid dysfunction arises due to
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multiple mechanisms including de-novo thyroiditis, activation of underlying
subclinical HT, and others. The role of thyroid autoantibodies is particularly intriguing,
as they occur at higher frequency in thyroid irAEs then in euthyroid cancer patients.
However, most studies have not found a causative association and antibody positivity
does not fully explain susceptibility. Whether as yet unidentified antibodies directed
against the thyroid exist has not been studied. Subclinical thyroid dysfunction is
probably underreported, making the true incidence of thyroid irAEs unknown.
Prospective collection of thyroid function tests at frequent and regular intervals could
help to clarify the true incidence of thyroid irAEs and risk of progression to permanent
hypothyroidism. Finally, trials combining ICIs with other immuno-modulatory
therapies are ongoing. The effect of multimodal immune treatment on the risk and
pattern of thyroid irAEs, and irAEs generally, is yet to be determined.

In conclusion, inhibition of CTLA-4 and PD-1 immune checkpoints have dramatically
enhanced the treatment of advanced cancer. However, treatment is associated with
irAEs of which thyroid dysfunction is the most common. Combined treatment with
ipilimumab and nivolumab generally results in earlier onset and potentially more
severe dysfunction. Most cases are mild and self-limited. Progression to permanent
hypothyroidism can occur and awareness amongst medical professionals is important

to limit morbidity associated with untreated thyroid dysfunction.
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1.5.4

Second narrative review of thyroid irAEs encompassing major developments in
understanding published after the original systematic review. Published in
Frontiers in Endocrinology® (see Appendix 2 for print version)

IClIs are a rapidly expanding class of medications. At present, over 2000 clinical trials
have been completed or are in progress to evaluate more than 30 different ICIs (165).
The main immune checkpoint targets are CTLA-4 and PD-1 or its ligand PD-L1. The
introduction of ICIs into cancer treatment algorithms has been transformative and
durable responses are now possible in patients with previously limited therapeutic
options. However, immune activation following ICI-treatment is associated with off
target effects known as irAEs (43). Any organ system may be affected and thyroid
dysfunction is one of the most common ICI-related toxicities (45).

Immune checkpoint physiology

Immune checkpoints are small molecules present on the cell surface of T-lymphocytes
(37). Normally, T-cell activation induces immune checkpoint expression to limit the
amplitude and duration of immune responses (37). Immune checkpoints are pivotal to
regulate the immune response and prevent inappropriate immune activation, such as
occurs in autoimmune disease (37). However, in some situations, immune checkpoints
can be counterproductive, such as malignant tumors which activate immune
checkpoints to evade immune mediated tumor lysis (45). Monoclonal antibodies
antagonizing CTLA-4, PD-1, and other immune checkpoints have been developed to
counteract such tumor evasion strategies and stimulate anti-tumor immune responses
(37). These agents convey significant therapeutic benefit but are associated with wide

ranging irAEs (37, 43, 45).

44



Immune related adverse events

The etiology of irAEs is yet to be fully elucidated. Potential mechanisms include
activation of polyclonal T-cell populations, loss of regulatory T-cell function, and
expansion/activation of self-reactive, antigen-specific T-cells (29). Irrespective of
mechanism, ICI-associated irAEs are common, affecting up to 76% of treated patients
(45). Any organ system can be affected, although there are distinct pharmacological
class-specific differences between ICIs targeting CTLA-4 and those targeting PD-1
(45). Endocrine organs are commonly affected, with thyroid dysfunction, hypophysitis,
insulin deficient diabetes, primary adrenal insufficiency, and hypoparathyroidism all
reported following ICI-treatment (43, 78). In this review we will highlight the key
features of thyroid irAEs and how our understanding of thyroid irAEs has informed
our understanding of autoimmune thyroid disease more generally.

Thyroid immune related adverse events

Epidemiology

Thyroid irAEs are the most common endocrine toxicity related to ICI-treatment (78).
From clinical trial data, over 10% of patients treated with ICIs develop a thyroid irAE
(166). Higher rates are observed following treatment with PD-1 inhibitors relative to
CTLA-4 inhibitors, with the highest rates following combined anti-PD-1 and anti-
CTLA-4 treatment (166). Observational studies typically report higher rates of thyroid
irAEs, usually due to inclusion of subclinical thyroid dysfunction that may be
overlooked in clinical trials adverse events reporting (118, 133, 142, 167). In the two
largest observational studies of thyroid irAEs to date, 42-53% experienced an ICI-

associated thyroid irAE (167, 168). Thyroid dysfunction was most common following
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combined anti-PD-1 and anti-CTLA-4 treatment (56%) and less frequent following
anti-PD-1 (38%) and anti-CTLA-4 (25%) monotherapy (167).

Clinical manifestations

Thyroid irAEs are typically identified incidentally during routine monitoring of thyroid
function as part of ICI-treatment protocols (166). Most thyroid irAEs present as a
painless thyroiditis with transient thyrotoxicosis (78, 127, 166, 167). In patients with
more severe (ie. biochemically overt) thyrotoxicosis, a hypothyroid phase often
follows the initial thyrotoxicosis and over 40% of these patients will develop
permanent hypothyroidism requiring thyroid hormone replacement (167). A smaller
number of patients can present with primary hypothyroidism without a preceding
thyrotoxic phase.

Onset of thyrotoxicosis usually occurs within 3 months of first ICI-exposure (78, 166).
Overt and subclinical thyrotoxicosis have phenotypic differences in their presentation
and disease associations. Onset of overt thyrotoxicosis typically occurs earlier and
persists longer than subclinical cases (167). Overt thyrotoxicosis has also been
associated with higher baseline levels of anti-thyroid antibodies which increase during
ICI-inhibitor treatment (169). Treatment related changes in antibody titer have not
been observed in other subtypes of thyroid irAE (169). Patients who develop overt
thyrotoxicosis are more likely to develop severe irAEs and to experience two or more
irAEs in extra-thyroidal organ systems (167).

Isolated hypothyroidism without a preceding thyrotoxic phase can occur. Most cases
of isolated hypothyroidism are biochemically subclinical and may be related to non-

ICI factors such as non-thyroidal illness syndrome. Subclinical hypothyroidism
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without a preceding thyrotoxic phase typically normalizes spontaneously without need
for thyroid hormone replacement (143, 167). Overt hypothyroidism can have a late-
onset months to years after starting ICI-treatment (166). In contrast with subclinical
hypothyroidism, overt hypothyroidism is usually permanent and lifelong treatment
with thyroxine is required in most cases (78, 166, 167).

Risk factors and disease associations

Identification of reliable thyroid irAE risk factors has been elusive. To date, no reliable
risk factors of thyroid irAEs have been identified, although clinical and biochemical
associations have been documented in retrospective cohort studies (166). Female sex
was associated with thyroid irAEs in the two largest studies to date (Table 1.4),
although to a lesser degree than the roughly 8:1 female preponderance observed in
autoimmune thyroid disease developing outside of the ICI-treatment setting (167, 168).
Prevalence of baseline TPOADb and TgAb positivity is higher in patients who develop
a thyroid irAE compared to those who do not (167, 170). Anti-thyroid antibody
positivity is particularly associated with overt thyroid dysfunction (167, 170) and titers
of TPOAb and TgAb can increase significantly during ICI-treatment in patients that
develop overt thyrotoxicosis, which is not observed in patients with other subtypes of
thyroid irAE (169). A complete list of demographic and biochemical factors that have

been associated with development of thyroid irAEs are summarized in Table 1.4.
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Table 1.4: Demographic and biochemical factors associated with development of thyroid

irAEs

Female sex (167, 168)

Younger age (167)

Caucasian ethnicity (168)

Combined CTLA-4 + PD-1 treatment (167, 168)

Longer duration of anti-PD-1 treatment (170)

Higher body mass index (171)

Renal cell carcinoma* (168)

Baseline TSH (118, 156, 170, 171)

Baseline TPOAD positivity; treatment related increase in TPOAD titer (169, 170, 172)
Baseline TgAD positivity; treatment related increase in TPOAD titer (156, 169, 170, 172)

*Likely confounded by concomitant use of tyrosine kinase inhibitors combined with ICls.

Pathophysiology

The etiology and biological drivers of irAEs remain elusive. It is possible that patients
who experience irAEs may share a premorbid immunological state prior to ICI-
initiation. A recent study using mass cytometry time of flight analysis identified higher
levels of activated CD4+ memory T-cells and increased diversity in the T-cell receptor
as pretreatment predictors of severe irAEs irrespective of the organ involved (173).
These same factors also occurred with higher frequency in non-ICI treated patients
with autoimmune disease relative to healthy controls, suggesting that irAEs may result
from unmasking a latent or subclinical autoimmune process which predates ICI-
initiation (173).

Traditionally, thyroid irAEs were thought to be a single entity spanning a spectrum of
disease including isolated mild (asymptomatic or minimally symptomatic)

thyrotoxicosis to biphasic thyroiditis to isolated overt and severe hypothyroidism. This
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indeed may be the case, although more likely thyroid irAEs arise via multiple
mechanisms as evidenced by phenotypic differences in presentation, antithyroid
antibody positivity rates, and differential association with cancer survival outcomes
(167).

Genetic factors associated with lifetime risk of autoimmune thyroid disease have been
implicated in the risk of developing thyroid irAEs during ICI-treatment (174, 175).
Key loci have been implicated from genes regulating the immune response such as
CD69 (T-cell activation), LPP (B-cell maturation), CTLA-4 (T-cell priming) and
PTPN22 (T-cell and B-cell receptor signaling). When these genes and others are
combined into a polygenic risk score they can identify subgroups of patients at >6-fold
increased risk of thyroid irAEs and identify patients at a lower risk of cancer death
(174).

The PD-1/PD-L1 axis is significantly implicated in autoimmune thyroid disease (176).
Patients with HT and GD experience a moderate increase in circulating PD-1 positive
T-cells and marked increase in intrathyroidal PD-1 positive T-cells (176). Thyroid
follicular cells also show high levels of PD-L1 expression, whereas multinodular goiter
(non-autoimmune thyroid disease) has negligible basal expression of PD-L1 (176). The
presence of high PD-L1 expression in autoimmune thyroid disease may explain why
most cases are slowly progressive, as the immune stimulating effects of intrathyroidal
PD-1 positive T-cells are kept in check. PD-1 positive lymphocytes and PD-L1
expression are similarly increased following ICI-treatment. However, different to
autoimmune thyroid disease, blockade of the PD-1/PD-L1 axis blunts the protection

against progressive immune mediated destruction and therefore thyroid dysfunction is

49



more rapidly progressive following ICI-treatment than in other autoimmune thyroid
conditions (176, 177).

Management

Screening:

Thyroid function should be measured at baseline and repeated at 6-weekly intervals
following commencement of ICI-treatment in asymptomatic patients. Additional
measures of TSH and FT4 can be undertaken for case detection in patients that develop
signs or symptoms of thyroid dysfunction outside this window (178). Most cases of
clinically significant thyroid dysfunction will occur within 6-months of ICI-
commencement (166). Therefore, monitoring frequency can be relaxed after the 6-
month mark although continued periodic monitoring (3-6 monthly) to detect late onset
cases is recommended.

Diagnosis:

As most cases of thyroid irAE are asymptomatic, diagnosis is most commonly via
thyroid function monitoring in asymptomatic patients (166). Thyrotoxicosis is
diagnosed in the setting of a low TSH with a normal or elevated FT4. Thyrotoxicosis
often occurs as the initial phase of a biphasic thyroiditis and is followed by progression
to hypothyroidism (elevated TSH, low FT4). More rarely, isolated hypothyroidism
without a preceding thyrotoxic phase can occur. Unlike thyrotoxicosis, isolated
hypothyroidism may present months to years after initiation of ICI-treatment. Special
attention should be paid to the finding of an inappropriately low TSH in combination
with a low or low-normal FT4. This pattern of results should alert the clinician to the

possibility of hypophysitis, particularly in the setting of a CTLA-4 inhibitor. When
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hypophysitis (central hypothyroidism) is suspected, the remaining pituitary hormone
axes should be interrogated urgently to exclude cortisol and other hormone deficiencies
prior to initiation of thyroid hormone replacement.

Treatment:

For asymptomatic or minimally symptomatic thyrotoxicosis, treatment is usually not
required. Temporary use of beta blockers such as propranolol may be considered in
symptomatic patients. ICI-treatment can be continued, and most cases will resolve
spontaneously within days to weeks. Thyrotoxicosis lasting longer than 6-weeks or
with additional features (goiter, thyroid bruit, exophthalmos) should have TSH-
receptor antibody level (TRAB) measured to exclude GD (178). In severe or atypical
presentations, imaging with a thyroid uptake scan can also be performed to
differentiate between ICI-mediated thyroiditis and other etiologies of thyrotoxicosis.
Thyrotoxicosis with marked symptoms or life-threatening complications is rare and
necessitates suspension of ICI-treatment to allow for prompt investigation and
specialist led treatment (178). Following identification of thyrotoxicosis, TSH and FT4
should be monitored every 2-3 weeks until recovery of normal thyroid function, as
many patients will experience a biphasic illness which progresses to hypothyroidism.
Regular monitoring allows early detection of hypothyroidism, which does not recover
in the majority of cases (167). In the setting of overt hypothyroidism, treatment with
thyroxine can be initiated, particularly when the TSH is >10 mIU/L, as recovery is
highly unlikely in this setting (167). Alternatively, TSH and FT4 measurement can be
repeated after 4-6 weeks and if hypothyroidism persists, treatment can be initiated at

that point (178). Thyroxine doses are typically higher for patients with ICI-mediated
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hypothyroidism than for HT, suggesting that gland destruction is complete in most

cases of ICI-mediated thyroiditis whereas it is slowly progressive with some residual

production of endogenous thyroid hormone in patients with HT (179). A simplified

algorithm for the classification and management of thyroid irAEs is presented in Figure

1.10.
TSH Suppressed Elevated
l—‘—\ | |

Elevate orma educe orma
FT4 Elevated Normal Reduced Normal

Overt Overt

hyperthyroidism hypothyroidism
DIAGNOSIS
Subclinical Subclinical
hyperthyroidism hypothyroidism
Monitor thyroid function closely for
progression to hypothyroidism; consider Commence Repeat thyroid
TREATMENT beta-blockade with propranolol in thyroxine function after 6-weeks
symptomatic patients
)

Figure 1.10: Algorithm for classification and management of thyroid irAE subtypes.
*When overt thyrotoxicosis is prolonged or severe, additional investigation with TRAB and a

thyroid uptake scan should be considered to exclude other etiologies of thyrotoxicosis (Graves’

disease, toxic adenoma, etc).
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Special situations

Pre-existing hypothyroidism:

Patients with established hypothyroidism may experience transient effects on thyroid
function following ICI-treatment (166). Compensated hypothyroidism can be
exacerbated requiring initiation or increased doses of thyroxine. More rarely, patients
with hypothyroidism may paradoxically experience a transient period of thyrotoxicosis
requiring temporary suspension of thyroid hormone (149).

Graves’ disease and thyroid eye disease:

GD has been reported following ICI-treatment (78). Whether it occurs de novo related
to ICI-treatment, is unmasked by ICI-treatment, or is a coincidental occurrence remains
unknown. Similarly, thyroid eye disease (TED) has been reported (120). Reactivation
or progression of GD and TED is possible following initiation of ICI-treatment and in
patients with known GD or TED, close consultation with an experienced
endocrinologist and ophthalmologist is important for early identification and
treatment.

Prognostic implications

Observational studies repeatedly document an association between irAEs and
improvement in cancer outcomes (71, 76). Owing to the frequency of thyroid irAEs,
they are among the most well studied and strongly associated with improvement in
PFS and OS (180-182). Reported benefits are large with robust hazard ratios that are
maintained following correction for immortal time bias (164, 180). However, emerging
data suggest thyroid irAE subtypes are not equivalent in their association with cancer

outcomes. When thyroid irAEs are classified by severity, biochemically overt thyroid
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dysfunction is more strongly associated with improved PFS and OS than subclinical
thyroid dysfunction (132, 167, 183). Our previous work suggests this may be limited
to overt thyrotoxicosis, as no survival benefit was observed in patients with overt
hypothyroidism without a preceding thyrotoxic phase (167). Permanent thyroid
dysfunction requiring initiation of thyroid hormone replacement has also been
associated with improved cancer outcomes (168, 184). However, an ultimate
requirement for thyroxine may have been a surrogate marker for a preceding phase of
overt thyrotoxicosis rather than a beneficial prognostic factor in of itself. The
significance of antithyroid antibodies on cancer outcomes following ICI-treatment is
unknown and current data has conflicting results (183, 185). Given the high prevalence
of anti-thyroid antibodies in patients who develop overt thyrotoxicosis, an association
is likely and prospective study into potential utility as a predictive biomarker is
warranted (169). Interestingly, abnormal TSH level (elevated or low) prior to initiation
of ICI-treatment has been associated with inferior cancer outcomes irrespective of
thyroid function changes post-ICI initiation in one study (168). However, these results
may have been confounded as significantly more patients with abnormal baseline TSH
were receiving tyrosine kinase inhibitor treatment for metastatic renal cell cancer,
which is known to significantly affect thyroid function (168). Abnormal TSH prior to
ICI-treatment may also be a function of sicker patients displaying the non-thyroidal
illness syndrome. Therefore, at present it is not known whether baseline thyroid
function is truly associated with worse outcomes or if it simply reflects patients with a
more aggressive cancer or a physiologic response to chronic illness in a less well

patient at commencement of ICI-treatment.
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Future directions

Further research is required to better inform our understanding of thyroid irAEs and
their relationship to thyroid autoimmune conditions occurring outside the cancer
immunotherapy setting. Enhanced characterization of the immune phenotype and T-
cell subsets driving thyroid irAEs may allow for identification of patients at risk of
thyroid (and other) irAEs and inform future research to uncouple the efficacy of ICIs
from the risk of developing treatment related irAEs. Understanding the effects of
immune checkpoint inhibition on the thyroid gland could also inform use of these
agents for treatment of primary thyroid malignancies and prevention of autoimmune
thyroid disease.

Conclusions

Thyroid irAEs are a frequent complication of anti-CTLA-4 and anti-PD-1 based ICI-
treatment. Recent work has begun to unravel the molecular mechanisms underpinning
development and their relationship to other autoimmune thyroid conditions. Regular
monitoring of thyroid function during ICI-treatment is required, as although most cases
of thyroid irAEs are asymptomatic and manageable, severe presentations with thyroid
storm or myxedema can occur. Development of thyroid irAEs is associated with
improved PFS and OS, especially overt thyrotoxicosis which may be a surrogate
marker of patients experiencing a more robust immune response to ICI-treatment.
When hypothyroidism occurs, it is usually permanent and treatment with thyroid
hormone replacement will be required. Familiarity with thyroid irAEs among health
professionals is important to facilitate efficient diagnosis and appropriate treatment of

this increasingly common thyroid disease.
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1.6

Summary and thesis aims

Thyroid irAEs are a frequent and clinically significant complication of ICI-treatment

in patients with cancer. Thyroid irAEs are thought to be autoimmune in aetiology and

the mechanism by which hyperthyroidism and hypothyroidism develop are unknown.

Immune checkpoint inhibitor associated thyroid irAEs are a novel model of thyroid

(and other organ) autoimmunity and may shed light on the pathogenesis of these

conditions. The aims of this thesis were to characterize the clinical, biochemical,

immune, and genetic factors involved in development of thyroid irAEs following ICI

treatment. Specifically, we aimed to:

1.

Determine the incidence and phenotypically describe clinical and biochemical
associations of thyroid irAEs in a large cohort of patients treated with immune
checkpoint inhibitors. These data are presented in Chapter 2.

Characterize the prevalence and possible association of thyroid autoantibodies
with the development of thyroid irAEs. These data are presented in Chapter 3.
Study the immune phenotype of thyroid irAEs and determine whether specific
immune cell populations are preferentially upregulated in association with
thyroid irAEs. These data are presented in Chapter 4.

Test whether polymorphisms in genes associated with autoimmune thyroid
disease are also overrepresented in patients with thyroid irAEs. These data are
presented in Chapter 5.

Investigate whether novel autoantibodies against other thyroid antigens (non-
TPOAD, non-TgAb) are associated with the development of thyroid irAEs.

These data are presented in Chapter 6.
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Characterization of thyroid irAEs in patients with melanoma

undergoing immune checkpoint inhibitor treatment

2.1

Introduction

Prior to this study, checkpoint inhibitors were already in use for treatment of multiple
malignancies, including advanced and metastatic melanoma. The indication list has
continued to expand since that time, with some estimates indicating over 30% of patients
with cancer may be eligible for ICI-treatment (186). From the earliest trials, it was
apparent that thyroid dysfunction was, and would continue to be, a frequently occurring
drug-related toxicity. However, at that time, thyroid irAEs were poorly characterized by
randomized clinical trials and only catalogued as hyperthyroidism, hypothyroidism, or
thyroiditis without further clinical or biochemical description. Apart from the limited
reporting in large randomized controlled trials, only small retrospective cohort studies had
been reported, again with marked heterogeneity and insufficient detail to effectively
phenotype the spectrum, clinical presentation, and prognostic significance of thyroid
irAEs occurring because of ICI-treatment. As such, we set out to comprehensively
describe and precisely define thyroid irAEs in a cohort of cancer patients with sufficient
size to produce reliable and informative data. We partnered with Melanoma Institute
Australia (MIA), who provided us with demographic and clinical data for over 1200 ICI-
treated patients. Clinical data was then linked to thyroid function test results for each
patient to enable us to address our research question. The results of this study were
published in the Journal of Clinical Endocrinology and Metabolism in 2021 and are

presented in Section 2.2 (for print version, see Appendix 3).
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2.2

Retrospective cohort study of thyroid irAEs in patients with melanoma receiving ICI
treatment. Published in the Journal of Clinical Endocrinology and Metabolism® (see
Appendix 3 for print version)

IClIs are standard of care in the management of melanoma and many other cancer types
(80). Through antagonism of the CTLA-4 and PD-1 pathways, ICIs increase T-cell
activation and anti-cancer immune responses (37). Enhancements in anti-tumor immunity
related to ICI treatment have improved patient survival, but are associated with wide
ranging irAEs (43, 187). Thyroid dysfunction is the most commonly occurring endocrine
irAE, affecting more than 10% of exposed patients (166). PD-1 inhibitors are associated
with higher rates of thyroid dysfunction relative to CTLA-4 inhibitors, with the highest
rates observed in patients undergoing combination treatment with both anti-CTLA-4 and
anti-PD-1 ICIs (166).

The etiology of thyroid irAEs has generally been assumed to be secondary to destructive,
immune-mediated thyroiditis. However, onset of thyroid dysfunction is highly variable
and not all patients develop the classic thyroiditis-like presentation of transient
thyrotoxicosis followed by a hypothyroid phase (166). Isolated thyrotoxicosis and
hypothyroidism have both been reported, as well as subclinical disease that is often short-
lived and transient (166). Some studies have reported thyroid irAEs to be associated with
improvements in PFS and OS (71, 129, 132, 164). Thyroid autoantibody positivity rates
vary widely between studies with prevalence rates of 17-100% reported (119, 124, 126,
127, 156). Low level thyroid antibody positivity has been associated with improvement
in PFS and OS, however the role of anti-thyroid antibodies in the pathogenesis and

susceptibility to thyroid irAEs remains unknown (166, 183).
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Given the heterogeneity and lack of large studies examining thyroid dysfunction following
ICI treatment, the aim of the present study was to comprehensively characterize thyroid
irAEs in a large cohort of patients with advanced or metastatic melanoma.

Methods:

Study design and participants:

We reviewed outcomes in a cohort of adult patients undergoing ICI treatment for advanced
or metastatic melanoma between 01-Nov-2009 and 31-Dec-2019. Demographic,
treatment, and cancer outcome information was extracted from a prospectively maintained
central database. Measurement of serum TSH was performed in all subjects prior to
commencement of immunotherapy and thyroid function was repeated at subsequent ICI
doses q3-4 weekly during the first 6-months of follow-up. In patients with documented
thyroid dysfunction or symptoms of thyroid dysfunction, testing was performed at
increased frequency on an individualized basis. After the first 6-months of ICI-treatment,
the testing interval was extended to q6-8 weekly and then to q12 weekly after 1-year.
Patients with normal thyroid function at baseline and at least one further measurement of
thyroid function following the first dose of ICI were included. Patients with pre-existing
thyroid disease (defined as abnormal thyroid function at baseline or treatment with
thyroxine at baseline and patients who developed hypophysitis with central
hypothyroidism were excluded.

Definitions:

Thyroid irAEs were defined by detection of new thyroid dysfunction developing after
treatment with an ICI and were sub-categorized by the biochemical pattern of thyroid

dysfunction. Overt thyrotoxicosis was defined by a TSH level below the lower reference
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interval with concomitant elevation of FT4 above the upper reference interval. Subclinical
thyrotoxicosis was defined by a TSH level below the lower reference interval in the
presence of normal serum concentrations of FT4. Overt hypothyroidism was defined by a
TSH level above the upper reference limit with concomitant FT4 levels below the lower
reference interval or by TSH >10.0 mlIU/L irrespective of FT4. Subclinical
hypothyroidism was defined as normal FT4 level in the presence of TSH elevation above
the upper limit of the normal reference range and <10.0 mIU/L. Euthyroid
hyperthyroxinemia and hypothyroxinemia were defined as a normal TSH with FT4
concentrations above or below the normal reference interval, respectively.

Time to thyroid dysfunction was measured as the time to first documented thyroid function
test abnormality following receipt of the initial dose of ICI. Duration of thyrotoxicosis or
hypothyroidism was defined as the time to restoration of normal TSH following the first
laboratory documented episode of abnormal thyroid function.

Assay characteristics:

Serum concentration of thyroid hormones and antibodies were made using commercially
available kits from Abbott Diagnostics. TSH had a measuring range of 0.01-127 mIU/L
with precision (CV) of 1.9-5.3% across a wide range of TSH values. FT4 had a measuring
range of 0.0-77.2 pmol/L with precision (CV) of 3.6-7.8% across a wide range of FT4
values. Full assay characteristics are available online via Abbott Diagnostics package
insert instructions. Local reference intervals for TSH and FT4 were set at 0.40-4.20 mIU/L
and 9.0-19.0 pmol/L respectively. TPOAb and TgAb titers were measured using the
Abbott Architect platform with values of >5.61 IU/mL and >4.11 IU/mL considered

positive, respectively.
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Procedures and outcomes:

The primary outcome was to describe the prevalence, clinical phenotypes and factors
associated with thyroid irAEs in a large cohort of melanoma patients undergoing ICI-
treatment. Biobank serum specimens were retrieved to measure TPOAb and TgAD titers
in a subset of patients using samples collected and stored at baseline (prior to receipt of
first ICI dose). Additional analyses were performed to assess the association of thyroid
irAEs with cancer survival.

Statistical analysis:

Continuous variables were summarized as median and interquartile range (IQR) or
frequencies and percentages reported for categorical variables. Baseline characteristics of
patients with thyroid irAEs were compared to those of patients without thyroid irAEs in
Table 2.1 using Mann-Whitney U-test for continuous outcome variables and Pearson’s
chi-square test for categorical outcome variables. Associations between demographic
factors and thyroid irAEs were assessed using multivariable logistic regression that
included all factors with p-value <0.20 from a univariate analysis. Results of multivariable
logistic regression are presented as OR and associated 95% confidence interval (CI).
Survival differences between patients with thyroid irAEs and patients without thyroid
irAEs were compared using Kaplan-Meier log-rank analysis. The effect of thyroid irAEs
on OS and PFS was estimated using Cox regression adjusted with age, sex, brain
metastases and ICI-type. All statistical tests were 2-tailed with two-sided significance
level set at p=0.05. Pre-specified subgroup analyses were performed in patients with overt
thyrotoxicosis and overt hypothyroidism compared to patients with euthyroidism.

Statistical analyses were conducted using Statistical Package for Social Sciences (SPSS)
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version 26 (SPSS Inc, IL, USA) and figures were created using GraphPad Prism, version
8. All patients consented for their data to be recorded in the MIA central database, and for
that information to be used for research purposes. Ethical approval was provided by the
Sydney Local Health District human research and ethics committee.

Results:

Study population:

One thousand two hundred forty-six patients met inclusion criteria. The median age was
65 years (IQR 54-74) and 824 (66%) participants were male, consistent with a typical
melanoma population. Immune checkpoint inhibitor treatment consisted of the anti-
CTLA-4 antibody ipilimumab (13%), anti-PD-1 antibodies nivolumab (19%) or
pembrolizumab (36%), combination ipilimumab and nivolumab (23%), combination
ipilimumab and  pembrolizumab  (7%) or the anti-PD-L1  antibodies
atezolizumab/avelumab (2%). Baseline characteristics are presented in Table 2.1.
Incidence of thyroid dysfunction:

The entire cohort (n=1246) had a median follow-up of 11.3 (IQR 5-24) months. During
follow-up, ICI-associated thyroid irAEs occurred in 518 (42%) patients. The highest
incidence of thyroid irAEs occurred with combination CTLA-4 and PD-1 inhibitor
treatment (56%), followed by anti-PD-1 (38%) and anti-CTLA-4 (25%) monotherapies
(Figure 2.1a). Multiple patterns of thyroid irAEs were observed. Primary thyrotoxicosis
was the most common thyroid irAE, affecting 388 (31%) patients. Of primary
hyperthyroid irAEs, thyrotoxicosis was subclinical in 234 patients and overt in 154
patients (Figure 2.1b). In patients with overt thyrotoxicosis, the median maximum FT4

concentration was 25.6 pmol/L (IQR 21.9-35.1). Primary hypothyroidism at onset (i.e.
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without a preceding hyperthyroid phase) occurred in 100 (8%) patients and, again, most
cases were subclinical (Figure 2.1b). Euthyroid hyperthyroxinemia and hypothyroxinemia
developed in 10 (<1%) and 6 (<1%) patients, respectively. Non-thyroidal illness (isolated
low triiodothyronine) occurred in 14 (1%) patients (Figure 2.1b). As a proportion of total
thyroid irAEs, overt thyroid dysfunction occurred more commonly following combination
CTLA-4 and PD-1 inhibitor treatment (47%) than after anti-PD-1 (37%) or anti-CTLA-4
(19%) based monotherapy.

Kinetics of thyroid dysfunction:

There were kinetic differences in the temporal course of TSH and FT4 in patients with
thyrotoxicosis compared to those who developed hypothyroidism from onset (Figure 2.2).
Time to thyroid dysfunction was significantly shorter for patients with thyrotoxicosis
compared to those with hypothyroidism (median 41 vs. 90 days, p<0.001). Of patients
with thyrotoxicosis, a classical thyroiditis-like pattern of thyrotoxicosis immediately
followed by a hypothyroid phase occurred in 111/388 (29%) patients. Progression to
hypothyroidism was more common following overt thyrotoxicosis, with 91/154 (59%)
patients progressing compared to 20/234 (9%) patients following an initial presentation
with subclinical thyrotoxicosis (Table 2.2). Permanent hypothyroidism requiring thyroid
hormone replacement was highest in patients with overt hypothyroidism at onset (74%).
In patients with subclinical thyrotoxicosis 227 (97%) returned to a euthyroid state during
follow-up, whereas in patients with overt thyrotoxicosis, only 88 (57%) recovered normal
thyroid function during follow-up and 66 patients (43%) progressed to permanent

hypothyroidism requiring thyroid hormone replacement. (Table 2.2).
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Table 2.1: Baseline characteristics

All patients | ThyroidirAE | OO g vanue
Patients; n (%) 1246 (100) 518 (42) 728 (58)
ég‘i{()years); median 65 (54-74) 63 (51-71) 67 (56-75) | <0.001
Male; n (%) 824 (66) 306 (59) 518 (71) <0.001
Checkpoint inhibitor;
n (%)
- CTLA+4 165 (13) 41 (8) 124 (17) 0,001
- PD-1/PD-LI 705 (57) 266 (51) 439 (60) '
- Combination 376 (30) 211 (41) 165 (23)
CTLA-4 + PD-1
AJCC stage (188); n (%)
- lla 17 (1) 6 (1) 11 (1)
- 1b 63 (5) 29 (6) 34.(5)
- Ilc 150 (12) 55(11) 95 (13) 0.70
- IVMla 83 (7) 35(7) 48 (7)
- IVMIb 167 (13) 69 (13) 98 (14)
- IV Mlc 726 (58) 314 (61) 412 (57)
ECOG status; n (%)
-0 744 (60) 330 (64) 414 (57)
- 365 (29) 138 (27) 227 (31) 0.14
-2 373) 14 (3) 23 (3)
- 3 8 (1) 2 (<1) 6 (1)
g/"*)"“ AR 258 (21) 131 (25) 127 (17) 0.001
0
Elevated LDH; n (%) 336 (27) 133 (26) 203 (28) 0.29
(TI(%I;)(mIU/L);medlan 132 (0.93-1.94) | 1.24 (0.81-1.90) | 1.38 (0.98-1.99) | 0.003
(FlgigmeI/L)5med‘an 13.1 (12.0-14.3) | 13.1 (12.0-147) | 13.0 (12.0-14.1) | 032
(TO/P)OAb positive; n 27/163 (17) 27/128 (21) 0/35 (0) <0.001
0
TgAb positive;n (%) | 42/163 (26) | 41/128 (32) 135 (3) <0.001

Immune-related adverse events in extra-thyroidal organ systems were common, affecting 865
(69%) patients. Rates of extra-thyroidal irAEs were significantly increased in patients with

overt thyrotoxicosis relative to hypothyroid and euthyroid patients (87 vs. 67 vs. 65%,

65



p<0.001). Similarly, overt thyrotoxicosis was associated with higher rates of multi-system
irAEs and CTCAE grade 3 or higher (more severe) irAEs compared to hypothyroid and

euthyroid patients (Table 2.2).

A B

Non-thyroidal illness 1

Overall 42
Euthyroid hypothyroxinemia 1
Euthyroid hyperthyroxinemia 1

CTLA-4 25
Overt hypothyroidism 3
PDU/PD-LI - - Subclinical hypothyroidism ]s

Overt thyrotoxicosis - I 12

Combination CTLA-4 + PD-1 |56 Subclinical thyrotoxicosis =1 | 19
Thyroid unatfected ~NN N s
J T T T ’,’, T T T
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Thyroid irAE (%)

Patients (%)

Figure 2.1: Incidence and biochemical subtypes of thyroid irAEs

(A) Proportion of patients experiencing a thyroid irAE by ICI exposure. (B) Patterns and incidence

rates of thyroid dysfunction developing after ICI treatment.
Clinical and biochemical associations:
Combination immunotherapy with anti-CTLA-4 and anti-PD-1 ICIs was associated with
higher rates of thyroid irAE relative to either CTLA-4 (OR 3.76; 95% CI 2.49-5.75; p<0.001)
or PD-1 (OR 1.90; 95% CI 1.45-2.49; p<0.001) based monotherapy. Thyroid irAEs were
significantly more frequent in women (OR 1.62; 95% CI 1.27-2.08; p<0.001) and were
negatively associated with age (OR 0.88 per 10-years; 95% CI 0.81-0.96; p=0.005) and brain
metastases (OR 0.71; 95% CI 0.53-0.94; p<0.02). The incidence of overt thyrotoxicosis was

higher following combination ICI treatment compared with anti-CTLA-4 (OR 10.8; 95% CI
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4.51-25.6; p<0.001) or anti-PD-1 (OR 3.30; 95% CI2.23-4.90; p<0.001) monotherapy (Table

A NO THYROID irAE C THYROTOXICOSIS E HYPOTHYROIDISM

204 20
15+
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Figure 2.2: Kinetics of TSH and FT4 following ICI treatment

(A) Change in TSH over time (mean £SEM) in patients who remained euthyroid during follow-up. (B)
Change in FT4 over time in patients who remained euthyroid during follow-up. (C) Change in TSH
over time in patients who developed primary thyrotoxicosis (subclinical and overt) during follow-up.
(D) Change in FT4 over time in patients who developed primary thyrotoxicosis during follow-up. (E)
Change in TSH over time in patients who developed primary hypothyroidism (subclinical and overt)
during follow-up. (F) Change in FT4 over time in patients who developed primary hypothyroidism
during follow-up. TSH=thyroid stimulating hormone. SEM=standard error of the mean. FT4=free

thyroxine.
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Table 2.2: Clinical phenotypes of thyroid dysfunction in patients with thyroid irAEs

Thyrotoxicosis Hypothyroidism P-
Subclinical Overt Subclinical Overt value
Patients; n 234 154 61 39
Age (years); median (IQR) 63 (49-71) 60 (49-69) 68 (55-74) 62 (51-73) <0.001
Male; n (%) 147 (63) 83 (54) 42 (69) 16 (41) <0.001
Checkpoint inhibitor; n (%)
CTLA-4 23 (10) 6(4) 6 (10) 1(3) <0.001
PD-1/PD-L1 110 (47) 62 (40) 48 (79) 29 (74) ’
Combined CTLA-4 + PD-1 101 (43) 86 (56) 7(11) 9(23)
gg‘%‘"e TSH (mlU/L); median 0.95 (0.63-1.41) | 1.29 (0.89-1.88) | 2.32 (1.43-3.03) | 1.94 (1.20-3.07) | <0.001
ggsﬁl)‘“e FT4 (pmol/L); median 12.8 (11.9-13.7) | 13.6 (12.2-15.1) | 12.5 (11.7-14.1) | 14.1(12.5-15.6) | 0.23
TPOAD positive; n (%) 3/58 (5) 18/53 (34) 2/4 (50) 4/13 (31)
TgAb positive; n (%) 8/58 (14) 26/53 (49) 1/4 (25) 6/13 (46)
Time to onset of thyroid
dysfunction (weeks); median (IQR) 8414 38 10(3-26) 14 (8-25) <0.001
Time to normalization of TSH
after onset of thyroid dysfunction 4(1-8) 12 (7-24) 3 (1-8) 10 (1-24) 0.37
(weeks); median (IQR)
Progression to hypothyroidism; n
(%) 20 (9) 91 (59) n/a n/a n/a
Permanent hypothyroidism
requiring thyroxine; n (%) 73) 66 (43) n/a 204 0.13
Extra-thyroidal irAEs; n (%) 173 (74) 134 (87) 38 (62) 29 (74) 0.01
Multi-system extra-thyroidal
irAEs; n (%) 13 (6) 24 (16) 0(0) 2(5 0.01
Severe (CTCAE grade 3-4) extra-
thyroidal irAEs; n (%) 56 (24) 37 (24) 9(15) 5(15) 0.03

Overt thyrotoxicosis was more common in women (OR 2.02; 95% CI 1.37-2.95; p<0.001)
and in younger patients (OR 0.83 per 10-years; 95% CI 0.72-0.95; p=0.007). Combination
ICI-treatment did not significantly influence odds of overt hypothyroidism compared to
CTLA-4 (OR 7.28; 95% CI 0.89-59.4; p=0.06) and PD-1 (OR 0.70; 95% CI 0.31-1.59;
p=0.40) based monotherapy. Baseline TSH did not predict thyroid irAEs overall. However,
baseline TSH levels were significantly higher in patients with overt hypothyroidism from
onset (OR 2.33 per mIU/L; 95% CI 1.61-3.33; p<0.001). Using ROC curve analysis, baseline
TSH values greater than 2.47 mIU/L were 90% specific and 40% sensitive for prediction of

subsequent primary overt hypothyroidism.
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Thyroid autoantibodies:

TPOAD and TgAb were measured in a subset of 163 patients with available biobank serum
specimens collected prior to ICI-treatment initiation. Overall, TPOAb, TgAb or both were
elevated in 46 patients (28%). Anti-thyroid antibody positivity rates were low in patients who
did not develop a thyroid irAE, with only 1 patient (3%) affected by a positive TPOADb (Table
2.1). TPOADb and TgAb positivity rates were higher in patients who ultimately developed a
thyroid irAE, affecting 21% and 32% of patients, respectively. In patients with thyroid irAEs
and positive antibodies, 22/45 (48%) were positive for both TPOADb and TgAb, whereas no
euthyroid patients were positive for both antibodies. The prevalence of anti-thyroid antibody
positivity, including dual antibody positivity, was higher in patients with overt thyroid irAEs
(thyrotoxicosis or hypothyroidism) compared to those with subclinical thyroid irAEs (Table

2.2).

Table 2.3: Demographic associations with ICI-associated thyroid irAEs (including subgroup

analyses of overt thyroid irAEs) compared with patients that remained euthyroid during follow-

up
Any thyroid Overt Overt
Factor irAE p- thyrotoxicosis p- hypothyroidism p-
OR (95% CI) value OR (95% CI) value | “oR (95% CI) value
Age (per 10-years) 0.88 (0.81-0.96) | 0.005 | 0.83(0.72-0.95) | 0.007 | 0.87(0.68-1.10) | 023
Sex (female vs male) 1.62 (1.27-2.08) | <0.001 2.02 (1.37-2.95) | <0.001 | 3.31(1.67-6.56) 0.001
Immune checkpoint inhibitor
CTLA-4+PD-1 combination vs CTLA-4 3.76 (2.49-5.75) | <0.001 10.8 (4.51-25.6) | <0.001 | 7.28(0.89-59.4) 0.06
CTLA-4+PD-1 combination vs PD-1 1.90 (1.45-2.49) | <0.001 3.30 (2.23-4.90) <0.001 0.70 (0.31-1.59) 0.40
Baseline TSH (per 1.0 mIU/L) 1.05 (0.91-1.22) 0.48 1.08 (0.84-1.38) 0.55 2.33(1.61-3.33) | <0.001
Brain metastases (absent vs present) 0.71 (0.53-0.94) 0.02 0.78 (0.50-1.22) 0.27 0.70 (0.31-1.59) 0.39
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Prognostic significance:

Median follow-up was not different between patients with thyroid irAEs (11.5 months; IQR
5.0-23.9) and patients without thyroid irAEs (11.1 months; IQR 4.8-25.3). No difference in
treatment response (IRECIST criteria (189)) was observed in patients with ICI-associated
thyroid irAEs relative to patients that remained euthyroid (58% vs. 56%; p=0.55). Similarly,
mortality did not differ between patients with and patients without thyroid irAEs (33% vs
37%; p = 0.14). After adjustment for age, sex, brain metastases, and ICI-type, OS and PFS
did not differ between patients with thyroid irAEs and patients that remained euthyroid. In
thyroid irAE patients, hazard ratios (HR) for OS and PFS were 0.95 (95% CI 0.77-1.16;
p=0.59) and 0.97 (95% CI 0.81-1.16; p=0.74) respectively.

Survival analyses were performed separately for patients with overt thyrotoxicosis or overt
hypothyroidism. Patients who developed overt thyrotoxicosis had longer OS (log-rank test;
p=0.001) and PFS (log-rank test; p=0.001) compared to patients who did not experience a
thyroid irAE. These results were confirmed by multivariable Cox regression analysis
(adjusted for age, sex, brain metastases and ICI-type) with a HR of 0.57 (95% CI 0.39-0.84;
p=0.005) for OS and a HR of 0.68 (95% CI 0.49-0.94; p=0.02) for PFS (Figure 2.3). No
improvement in PFS or OS was observed in association with overt hypothyroidism.
Discussion:

We report clinical and biochemical characteristics of ICI-associated thyroid irAEs in the
largest cohort of patients studied to date. The incidence of thyroid dysfunction in our study
was substantially higher than reported in other cohorts with sufficient patient numbers to
examine this condition (127, 133, 183). We confirmed that combined ICI treatment resulted

in more frequent and severe thyroid irAEs (166, 190). Notably, with the power of our large

70



dataset we were able to clearly delineate subsets of thyroid dysfunction and describe new
clinical and biochemical associations. Our findings suggest that ICI-associated overt
thyrotoxicosis (with or without subsequent hypothyroidism) and hypothyroidism (without

preceding thyrotoxicosis) may be etiologically distinct, rather than different presentations of

the same disease process.
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Figure 2.3: Overall survival and progression free survival in patients with thyroid irAEs
(A) Overall survival in patients with overt primary thyrotoxicosis relative the patients who remained

euthyroid. (B) Progression free survival in patients with overt primary thyrotoxicosis relative the

patients who remained euthyroid.

Whereas previous studies have failed to identify clinical factors related to thyroid irAEs, our
study identified multiple new demographic characteristics that were associated with incident
thyroid irAEs. In our cohort, female sex was a strong predictor of thyroid irAEs. An

association between sex and thyroid irAE risk had not previously been reported, possibly due
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to small sample sizes and lack of statistical power (142, 156). A predilection of thyroid irAEs
toward women is similar to the female preponderance of autoimmune thyroid disease (AITD)
observed in the general population (191). Age also acted as an independent risk factor for
thyroid irAEs, with younger patients experiencing higher rates of thyrotoxicosis, but not
hypothyroidism. These findings are consistent with other forms of thyroiditis, such as
subacute thyroiditis, which typically develop between the third and fifth decades (192, 193).
Kinetic changes of TSH and FT4 that occurred following ICI treatment demonstrated several
distinct patterns. In patients with overt thyrotoxicosis, 93% presented with abnormal thyroid
function within three months of ICI treatment initiation compared to only 38% of patients
presenting with overt hypothyroidism as the primary manifestation of ICI-associated thyroid
irAE. Whereas the time to onset of thyrotoxicosis was uniform, there was marked
heterogeneity in the time to onset of hypothyroidism, ranging from one week to 70 weeks
after the start of ICI treatment. The mechanisms underpinning late onset hypothyroidism are
poorly characterized. However, anti-thyroid antibody positivity rates in hypothyroid patients
approached 50%, suggesting that late onset hypothyroidism may be secondary to ICI-
mediated acceleration of lymphocytic infiltration of the thyroid in the context of a subclinical
HT that predated ICI-treatment.

The role of anti-thyroid antibodies in the pathogenesis of ICI-associated thyroid irAEs
remains controversial and poorly characterized (166). We measured baseline TPOAb and
TgAb status using stored serum samples in 163 ICI-treated patients using a single assay and
within a single run. Our results clearly demonstrated an association between TPOAb and/or
TgAb positivity at baseline and the incidence of ICl-associated thyroid irAEs. Interestingly,

these findings share similarity to other causes of thyroiditis (ie. postpartum), where
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antithyroid antibodies are present in up to 50% of affected patients but may not be
pathognomonic (194). TPOAb and TgAb positivity was particularly prominent in patients
who developed overt thyroid dysfunction, suggesting that pre-existing thyroid autoimmunity
may be a potent risk factor for future development of ICI-associated thyroid toxicity. This
hypothesis is strengthened by our additional findings that TPOAb and TgAb titres and dual
antibody positivity rates were higher in patients with overt thyroid irAEs compared to patients
with subclinical or no thyroid irAE.

As expected, thyrotoxicosis was significantly associated with the type of ICI treatment
received. Combination therapy resulted in significantly higher rates of both overt and
subclinical thyrotoxicosis relative to CTLA-4 and PD-1 inhibitors used alone. However, no
such association was observed with respect to overt hypothyroidism, where the incidence of
thyroid irAEs was similar across all ICI types. Baseline TSH concentrations were
significantly higher in patients who developed overt hypothyroidism as their initial thyroid
irAE. The association of hypothyroidism and baseline TSH had been observed previously and
again may suggest progression of a pre-existing, subclinical HT accelerated by ICI-treatment,
rather than a de novo ICI-mediated thyroiditis (118, 142, 171). Our data are consistent with
this hypothesis, although our finding of differential thyroid irAE sensitivity to ICI-type and
high prevalence of antithyroid antibodies needs to be validated in other large ICI-patient
cohorts.

Overall, thyroid irAEs were associated with increased rates of extra-thyroidal irAEs
(hepatitis, colitis, etc.) including multi-system and CTCAE grade 3 or higher (more severe)
irAEs relative to euthyroid patients. Increased rates of non-thyroidal irAEs were driven

mainly by patients with overt thyrotoxicosis. Primary hypothyroidism alone was not

73



associated with extra-thyroidal, multi-system or severe irAEs, which in this group of patients
occurred at similar rates to that observed in patients who remained euthyroid. Taken together,
our data suggest that overt thyrotoxicosis could be a surrogate marker of more robust immune
response to ICI-treatment. Overt thyrotoxicosis was associated with high rates of extra-
thyroidal immune toxicity, but also improved cancer survival outcomes. Similar
autoinflammatory sequalae and survival improvements were not observed in association with
other thyroid irAE subtypes. Previous studies have inconsistently reported benefit in PFS and
OS associated with thyroid irAEs (71, 73, 162, 164). Improvements in PFS and OS have been
reported with overt relative to subclinical thyroid irAEs, but no studies had examined the
differential effect of thyrotoxicosis and hypothyroidism with respect to cancer survival (132,
183). Differences in clinical and biochemical presentation of ICI-associated thyroid irAEs in
our study support the hypothesis that ICI-associated thyrotoxicosis and hypothyroidism
represent distinct clinical entities with differing underlying pathogenesis — thyrotoxicosis as
an acute destructive thyroiditis and hypothyroidism as a progression of pre-existing
autoimmune lymphocytic thyroiditis.

Our study had limitations inherent to the retrospective study design. Although patients were
followed prospectively, and thyroid function tests were usually performed on a 3-4 weekly
schedule, not all patients had tests performed at uniform time points, and it is possible that
some cases of thyroid dysfunction may have been missed. We did not routinely test for TSH-
receptor antibodies in hyperthyroid patients and therefore GD cannot be excluded. However,
all patients in our study developed transient thyrotoxicosis which was self-limited and
resolved without treatment. We believe this makes GD highly unlikely. Stored serum at

baseline was not available for all patients. As such, anti-thyroid antibodies were measured in
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a subset of patients only. However, we believe these results can be generalized to the larger
cohort, as patients were sampled from all subgroups of thyroid dysfunction and
demographically were not significantly different from untested patients of their respective
thyroid irAE subtypes.

In summary, this study comprehensively details the clinical and biochemical features of ICI-
associated thyroid irAEs. As the use of ICIs continue to increase, irAEs (thyroid and non-
thyroid) will become an increasingly key component of endocrine and oncology practice. Our
study reports new associations of thyroid irAEs with age, sex, TPOAb/TgAb, extra-thyroidal
irAEs, and other factors, which in totality suggest there are multiple mechanisms
underpinning development of thyroid dysfunction following ICI treatment.

Conclusion

This work represents the most comprehensive description of thyroid irAEs to date in a pure
cohort of 1246 patients with melanoma, free from pre-existing thyroid disease, undergoing
ICI-treatment. We reported multiple novel aspects of thyroid irAEs, including a prevalence
of >50% in patients receiving combined CTLA-4 and PD-1 checkpoint inhibition. We
produced a detailed description of the kinetic changes in thyroid function that occur following
ICI-treatment, with most affected patients experiencing a rapid onset of transient
thyrotoxicosis followed by spontaneous restoration of euthyroidism or progression to
hypothyroidism. However, we also showed that a small number of patients have delayed
presentations, sometimes years after the commencement of ICI-treatment. We identified age,
sex, and baseline TSH level as being associated with the development of a thyroid irAE and
were the first to show that the most severe presentations of thyroiditis following ICI-treatment

were associated with major improvements in cancer related PFS and OS.
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Chapter 3
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Association of anti-thyroid antibodies in checkpoint inhibitor-

associated thyroid irAEs

31

Introduction

Apart from the relationship to ICI-treatment, our previous work in chapter 2
demonstrated that thyroid irAEs have a similar clinical phenotype to painless thyroiditis
that occurs sporadically due to thyroid autoimmunity (167). In patients with painless
autoimmune thyroiditis, thyroid autoantibodies are present in up to 90% of cases (82).
Based on these observations, we hypothesized that autoimmune thyroiditis and thyroid
irAEs may share mechanistic similarities with a similarly high prevalence of anti-
thyroid antibodies in patients that experience a thyroid irAE. Prior to our study, reports
in the literature were sparse, and mainly consisted of small retrospective studies at high
risk for bias, where anti-thyroid antibodies had been measured unsystematically and
without a control population. To address this knowledge gap, and to test our hypothesis
that anti-thyroid antibodies were likely to be implicated in thyroid irAE pathogenesis,
we systematically measured anti-thyroid antibodies via radioimmunoassay in ICI-
treated cancer patients with and without thyroid irAEs. Additionally, we measured
TRAB antibodies to definitively show they are not routinely involved in thyroid irAE
pathogenesis and looked at IL-6 levels, a pro-inflammatory cytokine that has been
implicated in irAEs affecting other organs such as the colon. The results of this study
were published in the Journal of Clinical Endocrinology and Metabolism in 2022 and

are presented in Section 3.2 (for in print version, see Appendix 4).
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3.2

Retrospective cohort study of TPOAb, TgAb, TRAB, and IL-6 levels in patients
with melanoma receiving ICI treatment. Published in the Journal of Clinical
Endocrinology and Metabolism® (see Appendix 4 for print version)

ICIs are associated with wide ranging irAEs (43). The thyroid is particularly
susceptible, and thyroid dysfunction is one of the most common irAEs (78, 166). The
etiology of thyroid irAEs is not fully understood and multiple mechanisms may underly
disease onset (167, 195). The significance of TPOADb and TgAb positivity on risk for
thyroid irAEs remains unknown.

We recently described thyroid irAEs in a large cohort of ICI-treated patients with
melanoma (167). We showed that TPOAD and TgAb were mainly found in association
with biochemically overt thyroid irAEs, particularly overt thyrotoxicosis where we also
found an association with longer PFS and OS (167). Based on these findings, the current
study aimed to further characterize the association of TPOAb/TgAb and changes in
TPOADb/TgAb during treatment with thyroid irAEs, with a particular interest in patients
with overt thyrotoxicosis. TRAB and IL-6, a proinflammatory cytokine associated with
irAEs in other non-endocrine organ systems, were also studied.

Materials and methods:

Study design and participants:

We included adult patients undergoing ICI treatment for melanoma with biobank serum
samples to study the prevalence and kinetics of TPOAb, TgAb and IL-6. Demographic,
treatment, and cancer outcome information was extracted from a prospectively
maintained central database. As part of routine care, measurement of serum TSH was

performed in all patients prior to commencement of immunotherapy and thyroid

78



function was repeated at subsequent ICI doses q3-4 weekly. Biobank samples collected
and stored at baseline (prior to receipt of first ICI dose) and at onset of thyroid irAE (or
30-60 days after treatment initiation in patients that remained euthyroid) were retrieved
and used to measure TPOADb, TgAb, TRAB and IL-6 levels.

Definitions:

Thyroid irAEs were defined by new thyroid dysfunction developing after treatment with
an ICI and were sub-categorized by the biochemical pattern of thyroid dysfunction.
Overt thyrotoxicosis was defined by a TSH level below the lower reference interval
with concomitant elevation of FT4 above the upper reference interval. Subclinical
thyrotoxicosis was defined by a TSH level below the lower reference interval in the
presence of normal serum concentrations of FT4. Overt hypothyroidism was defined by
a TSH level above the upper reference limit with concomitant FT4 levels below the
lower reference interval and no preceding thyrotoxic phase.

Assay characteristics:

Serum concentration of thyroid hormones were measured using the Abbott Architect I-
2000 immunoassay (TSH catalog # 7K62, RRID: AB_2883972; FT4 catalog # 7K65,
RRID: AB 2801665). Local reference intervals for TSH and FT4 were set at 0.40-4.20
mlIU/L and 9.0-19.0 pmol/L respectively. TPOAb and TgAb titers were measured using
Abbott Architect with values of >5.61 IU/mL and >4.11 IU/mL considered positive,
respectively (TPOAD catalog # 2K47, RRID: AB 2904180; TgAb catalog # 2K46,
RRID: AB 2904179). TRAB levels were measured using Roche Diagnostics cobas
¢601 analyzer (catalog # 04388780190, RRID: AB_2801453), with a measuring range

of 0.8-40.0 IU/L (CV 7.6, 1.9 and 0.9% for TRAB levels of 1.7, 5.9 and 24.6 IU/L
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respectively). TRAB titers >1.8 IU/L were considered positive. IL-6 was measured
using Siemens IMMULITE 2000-XPI enzyme-labelled, chemiluminescent
immunometric assay (ELISA; catalog # L2K6P2, RRID: AB 2904178) with the
reference range set at 0.0-3.4 pg/mL.

Procedures and outcomes:

The primary outcome was change in TPOAb and TgAb from baseline during ICI-
treatment and whether increases in TPOAb/TgAb were associated with the development
of a thyroid irAE. Change in TPOAD or TgAb from baseline were considered present if
there was new antibody positivity or a >50% increase in antibody titer for patients
already positive at baseline. Other outcomes of interest included IL-6 levels at baseline
and change in IL-6 level during ICI-treatment. Additionally, TRAB levels were
measured in patients at time of development of thyroid irAE to exclude GD.
Statistical analysis:

Baseline characteristics are presented as median and IQR or frequency and percentages.
Changes in TPOADb, TgAb and IL-6 from baseline were tested using Wilcoxon signed
rank test. All statistical tests were 2-tailed with two-sided significance level set at
p=0.05. Statistical analyses were conducted using SPSS version 26 (SPSS Inc, IL, USA)
and figures were created using GraphPad Prism, version 8. All patients consented for
their data to be recorded in the MIA central database, and for that information to be
used for research purposes. Ethical approval was provided by the Sydney Local Health
District human research and ethics committee.

Results:

Patient characteristics:
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Paired serum samples at baseline and on treatment were obtained for 122 patients.

Samples came from patients with subclinical thyrotoxicosis (n=47), overt thyrotoxicosis

(n=37), overt hypothyroidism (n=7) and persistent euthyroidism (n=31). The median

follow-up of the study cohort was 13.8 months (IQR 5.6-25.2). At baseline, 19 patients

(16%) had TPOAD elevated, and 28 patients (23%) had TgAb elevated above the upper

reference interval. Sixteen patients (13%) were positive for both TPOAb and TgAb.

Baseline characteristics of all patients are presented in Table 3.1 and stratified by

thyroid irAE subtype in Table 3.2.

Table 3.1: Baseline characteristics

All patients
(n=122)

Sex; n (%)

- Male 73 (60)

- Female 49 (40)
Age (years); median (IQR) 65 (53-75)
Checkpoint inhibitor; n (%)

- CTLA-4 3(2)

-  PD-1/PD-LI 75 (62)

- CTLA-4+PD-1 44 (36)

TSH (mIU/L); median (IQR)

1.27 (0.91-1.82)

FT4 (pmol/L); median (IQR)

13.1 (12.1-14.4)

TPOAD positive; n (%) 19 (16)
TPOAD titre (IU/mL); median (IQR) 0.33 (0.10-0.75)
TgAb positive; n (%) 28 (23)
TgAb titre (IU/mL); median (IQR) 0.77 (0.00-3.32)
Dual antibody positive; n (%) 16 (13)
Interleukin-6 elevated; n (%) 65 (53)
Interleukin-6 (pg/mL); median (IQR) 3.7 (1.3-6.0)

81



Table 3.2: Baseline characteristics by thyroid irAE subtype

Euthyroid Subclinical Overt Overt
thyrotoxicosis thyrotoxicosis hypothyroidism
N 31 47 37 7
Sex; n (%)
- Male 23 (74) 28 (60) 20 (54) 2 (29)
- Female 8 (26) 19 (40) 17 (46) 5(71)
Age (years); median 68 (58-77) 69 (57-75) 55 (44-64) 74 (56-81)
(IQR)
Checkpoint inhibitor; n
(%)
-  CTLA-4 2 (6) 1(2) 0(0) 0 (0)
- PD-1/PD-L1 22(71) 27 (57) 20 (54) 6 (86)
-  CTLA4 +PDlI 7(23) 19 (41) 17 (46) 1(14)

TSH (mIU/L); median
(IQR)

1.56 (1.16-1.90)

0.96 (0.58-1.40)

1.32(0.92-1.77)

3.29(1.94-3.33)

FT4 (pmol/L); median
(IQR)

12.5 (11.1-14.0)

13.1(12.5-14.2)

13.7 (12.1-15.3)

13.6 (12.5-14.3)

TPOAD positive; n (%)

103)

24

13 (35)

3 (43)

TPOAD titre (IU/mL);
median (IQR)

0.17 (0.09-0.39)

0.24 (0.07-0.43)

0.57 (0.34-78.9)

0.38 (0.18-278)

TgAb positive; n (%)

0(0)

5(11)

20 (54)

3(43)

TgAb titre (IU/mL); 0.80 (0.00-1.45) 0.41(0.00-0.92) | 6.55(0.91-43.6) 0.40 (0.0-427)
median (IQR)

Dual antibody positive; 0(0) 2(4) 11 (30) 3 (43)
n (%)

Interleukin-6 elevated; n 17 (55) 21 (45) 23 (62) 4(57)
(%)

Interleukin-6 (pg/mL); 3.6 (1.0-6.3) 3.1 (1.0-5.7) 4.1(2.1-6.2) 4.7 (3.0-7.0)

median (IQR)
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Thyroglobulin antibody:

TgAb positivity at baseline was 100% specific (31% sensitive) for development of a
thyroid irAE. Five patients (11%) with subclinical thyrotoxicosis had a positive TgAb
at baseline. By comparison, 20 patients (54%) with overt thyrotoxicosis and 3 patients
(43%) with overt hypothyroidism had a positive TgAb at baseline (Figure 3.1a). No
patients that remained euthyroid had a positive TgAb at baseline. In patients with a
positive baseline TgAb, median TgAb titre was significantly higher in patients with
overt thyroid irAEs compared to patients with subclinical irAEs (Table 2, p<0.001). In
patients with overt thyrotoxicosis, progression to hypothyroidism following the initial
thyrotoxic phase was significantly higher in TgAb positive patients compared to TgAb
negative patients (85.0% vs. 41.2%; p=0.01). No patients remained thyrotoxic and the
remainder spontaneously returned to euthyroidism.

During ICI treatment, 34 patients experienced a >50% increase in TgAD titre or became
positive from a negative baseline level. In 24/34 (71%) patients, increases or new
positivity in TgAb were observed in association with overt thyrotoxicosis. TgAb
positivity at baseline had a positive predictive value of 71.4% and a positive likelihood
ratio of 6.0 for future development of overt thyrotoxicosis. Conversely, absence of
TgAb had a negative predictive value of 81.9% and a negative likelihood ratio of 0.5
for future development of overt thyrotoxicosis. In patients with overt thyrotoxicosis,
TgAb titer at the time of thyroid dysfunction was significantly increased compared to
baseline (37.6 vs 6.55 IU/mL; p<0.001). Treatment-related increases in TgAb were not
observed in patients who remained euthyroid or in patients with subclinical

thyrotoxicosis and overt hypothyroidism (Figure 3.2a).
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Thyroid peroxidase antibody:

TPOAD positivity at baseline was 97% specific (20% sensitive) for identification of
patients destined to develop a thyroid irAE. Two patients (4%) with subclinical
thyrotoxicosis had a positive TPOAb at baseline. By comparison, 13 patients (35%)
with overt thyrotoxicosis and 3 patients (43%) with overt hypothyroidism had a positive
TPOAD at baseline (Figure 3.1b). Only 1 patient (3%) who remained euthyroid had a
positive TPOAD at baseline. In patients with a positive baseline TPOAb, median
TPOAD titer was significantly higher in patients with overt thyroid irAEs compared to
patients with subclinical irAEs (Table 2, p<<0.001). In patients with overt thyrotoxicosis,
progression to hypothyroidism following the initial thyrotoxic phase was not
significantly different in TPOADb positive patients compared to TPOAb negative
patients (76.9% vs. 58.3%; p=0.26). No patients remained thyrotoxic and the remainder
spontaneously returned to euthyroidism.

During ICl-treatment, 16 patients experienced a >50% increase in TPOAD titer or
became positive from a negative baseline level. In 13/16 (81%) patients, increases or
new positivity in TPOAb were observed in association with overt thyrotoxicosis.
TPOAD positivity at baseline had a positive predictive value of 68.4% and a positive
likelihood ratio of 5.0 for future development of overt thyrotoxicosis. Conversely,
absence of TPOAD had a negative predictive value of 76.6% and a negative likelihood
ratio of 0.7 for overt thyrotoxicosis. In patients with overt thyrotoxicosis, TPOAD titer
at the time of thyroid dysfunction was significantly increased compared to baseline

(»<0.001). Significant treatment-related increases in TPOAb were not observed in

84



patients who remained euthyroid or in patients with subclinical thyrotoxicosis and overt

hypothyroidism (Figure 3.2b).

A TgAb at Baseline

mm Overt thyrotoxicosis
=1 Subclinical thyrotoxicosis
B Overt hypothyroidism

B3 Positive
E= Negative

B TPOADb at Baseline

mm Overt thyrotoxicosis

£33 Subclinical thyrotoxicosis
Em Overt hypothyroidism
= Euthyroidism

3 Positive
Negative

Figure 3.1: Prevalence of TPOAb and TgAb at baseline.

(A) Proportion of patients with positive TgAb at baseline by thyroid irAE subtype. (B)

Proportion of patients with positive TPOAD at baseline by thyroid irAE subtype.
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Figure 3.2: Change in TPOAD and TgADb titer following exposure to ICI-treatment.

(A) Median and interquartile range of TgAb at baseline and during ICI-treatment by thyroid

irAE subtype (* p<0.001). (B) Median and interquartile range of TPOAD at baseline and during

ICI-treatment by thyroid irAE subtype (* p<0.001).
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TSH-receptor antibody:

TRAB was measured at the time of thyroid irAE development in all patients. TRAB
positivity was not documented in any patient.

Interleukin-6:

Elevation of IL-6 at baseline was present in 65 (53%) patients. Median baseline IL-6
measured 3.70 pg/mL (IQR 1.3-6.0). Rates of IL-6 elevation and absolute IL-6 levels
were not different in patients with positive TPOAb or TgAb and those without.
Similarly, IL-6 levels were not different across different subtypes of thyroid irAE (Table
3.2). During ICI-treatment there was a significant increase in IL-6 levels from baseline
in patients with overt hypothyroidism (p=0.03). Treatment-related increases in IL-6
were not observed in patients who remained euthyroid or in patients with subclinical or
overt thyrotoxicosis (Figure 3.3).

Discussion:

This study examined the prevalence and change in TPOAb and TgAb during ICI-
treatment in patients with melanoma. We found the prevalence of TPOAb and TgAb
positivity to be higher in patients who developed overt thyroid dysfunction
(thyrotoxicosis or hypothyroidism) compared to patients who remained euthyroid or
those with subclinical thyrotoxicosis. However, only overt thyrotoxicosis was
associated with large increases or new positivity in TPOAb and TgAb during ICI-
treatment. In patients with overt thyrotoxicosis, TgAb positivity was associated with
progression to permanent hypothyroidism following an initial thyrotoxic phase. TPOAb

positivity was also higher in patients who developed hypothyroidism following an
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initial thyrotoxic phase, although the association did not attain statistical significance in

our cohort.
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Figure 3.3: Change in IL-6 level following exposure to ICI-treatment
Median and interquartile range of IL-6 at baseline and during ICI-treatment by thyroid irAE
subtype (* p=0.03)

Thyroid irAE onset is variable and can be missed as symptoms may be minimal or
conflated with those related to the underlying malignancy (166). Pre-treatment selection
of at-risk patients would be clinically useful, as overt thyrotoxicosis commonly
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progresses to permanent hypothyroidism and treatment with thyroid hormone
replacement may be delayed (167). Predictive biomarkers to identify patients at risk of
thyroid irAEs could promote timely diagnosis and reduce risk of thyroid irAE related
morbidity.

TPOAD or TgAb are positive in >90% of patients with autoimmune thyroiditis, but their
relevance to thyroid irAE pathogenesis is poorly characterized (82). The clinical course
of thyroid irAEs often mimics painless sporadic thyroiditis, a subtype of AITD. Thyroid
irAEs are associated with higher TPOAb and TgAb positivity rates relative to the
general population, but do not approach the 90% prevalence observed in AITD and
therefore irAE pathogenesis cannot be solely antibody related (126, 127, 156, 196). In
our study, all but one patient with positive TPOAb or TgAb went on to develop thyroid
dysfunction, although all patients with thyroid irAEs did not have positive anti-thyroid
antibodies. It may be that a subgroup of thyroid irAE patients with positive TPOAD or
TgAb are predisposed to AITD, which is unmasked following inhibition of immune
checkpoints important for the maintenance of self-tolerance in the thyroid (176). This
is supported by other studies showing early onset of thyroid irAE in antibody positive
patients (156, 172).

Immune-related adverse events correlate with improvements in PFS and OS in
immunotherapy treated cancer patients (45). Thyroid irAEs are often less severe than
irAEs in other organ systems but have also been shown to associate with improved
cancer survival, particularly when thyroid dysfunction is overt (132, 162, 164, 167,
183). Limited data has been published on the significance of anti-thyroid antibodies

with respect to PFS and OS. A retrospective analysis of 137 patients with advanced
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non-small cell lung cancer treated with PD-1 inhibitors did not find improved OS or
PFS in patients with positive anti-thyroid antibodies (185). However, TPOAb and TgAb
were associated with improved PFS and OS in patients with levels above compared to
below the median value in a second cohort of 168 anti-PD-1 treated patients (183). Our
previous work in a large cohort of over 1200 patients demonstrated that overt
thyrotoxicosis (relative to no thyroid irAE or subclinical thyroid irAEs) were associated
with increased immune toxicity in other organ systems as well as improved cancer
survival and is hypothesized to be a surrogate marker of patients who demonstrate more
robust immune activation following ICI-treatment (167). In our current study, we found
higher incidence and titers of TPOAb and TgAb in patients with overt thyrotoxicosis
but were not powered to examine the effect of antibody positivity on cancer survival.
Dermatologic irAEs and colitis have been associated with low baseline IL-6 levels or
increases in IL-6 during ICI treatment (197, 198). We did not find an association
between baseline IL-6 and thyroid irAEs in our study. This is consistent with one other
study examining the role of IL-6 in thyroid irAEs (172). However, we did observe a
significant increase in IL-6 at time of diagnosis in patients who developed overt
hypothyroidism which was not observed with other thyroid irAE subtypes, potentially
supporting our hypothesis that thyrotoxicosis and hypothyroidism arise via distinct
mechanisms in the setting of ICI-associated thyroid dysfunction.

Strengths of our study include the use of uniformly stored samples, which were
processed together in a single run to limit analytical variation. Limitations of our study
are that it may have been underpowered to measure associations of TPOAb and TgAb

with overt hypothyroidism. Although numerically TPOAb and TgAb values did
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increase in patients with overt hypothyroidism during ICI-treatment, samples were
available for only 7 patients. Although highly specific, TPOAb and TgAb lacked
sensitivity, which reduces their utility as a clinically useful biomarker. Anti-thyroid
antibodies other than TPOADb and TgAb may be involved in pathogenesis of thyroid
irAEs (199). We did not test non-classical anti-thyroid antibody levels and cannot
exclude that they may have contributed to development of thyroid irAEs in antibody
negative patients.

In conclusion, ICI-treatment indications are rapidly expanding and thyroid toxicity is a
common side effect of anti-CTLA-4 and anti-PD-1 based treatment (43). Predictive
biomarkers will be important to identify patients at risk of irAEs, and our data suggest
that baseline TPOADb and TgAb are highly specific and may be useful to identify
patients at risk of overt thyrotoxicosis. Prospective studies are warranted to further
evaluate the utility of TPOAD and TgAb as predictive biomarkers.

Conclusion

The results of this study prospectively examined the importance of TPOAb and TgAb
to the development of thyroid irAEs in 122 patients. It represents the first study to
address this issue in a standardized fashion, and in so doing clarifies the clinical
relevance of these biomarkers and their association with thyroid irAE susceptibility.
Furthermore, we showed that TRAB is not a key driver of thyrotoxicosis in the ICI-
setting, and that use of the inflammatory cytokine IL-6 has no value in identifying
patients at risk of thyroid irAEs, whether measured at baseline or during the initial

period of thyroid dysfunction.
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Immune cell representations following immune checkpoint

blockade in patients experiencing thyroid irAEs

4.1

Background

Thyroid irAEs are a frequent side effect of ICI-treatment and often result in permanent
hypothyroidism requiring lifelong thyroid hormone replacement (166, 200). However,
thyroid irAEs have also been associated with significant improvements in cancer-related
PFS and OS, which offsets morbidity related to thyroid dysfunction for many affected
patients (167). Despite the frequency of thyroid irAEs and their prognostic importance,
the pathogenic mechanisms driving onset remain incompletely characterized. Enhanced
knowledge of these mechanisms is important, as they could improve identification of at
risk patients, prevent unnecessary treatment interruption and hospitalization, and enable
development of next generation ICIs with potent anti-tumor efficacy, but improved
safety profiles (201).

Phenotypically, thyroid irAEs demonstrate similarities, but also distinct differences, to
autoimmune thyroiditis occurring in the non-ICI-treatment setting (167). Therefore,
overlapping mechanistic explanations that could account for both conditions were
initially sought. In AITD, the role of immune checkpoints (particularly PD-1) appears
critical. Multiple SNPs in genes encoding CTLA-4, PD-1 and PD-L1 have been
associated with susceptibility to AITD (202-205). Furthermore, relative to patients with
multinodular goiter (a non-autoimmune thyroid disease), patients with AITD have
increased circulating PD-1" T-lymphocytes in peripheral blood and markedly increased

PD-1" T-cell infiltrates within the thyroid gland itself (176). PD-L1 expression is also
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increased in thyroid follicular cells of patients with AITD (176). However, despite
intense activation of the PD-1/PD-L1 axis locally in the thyroid, PD-1 mediated
dampening of the immune response is insufficient to prevent progression of AITD (176).
In thyroid irAEs, the PD-1 axis is also intimately involved due to inhibition of the
immune-tolerant effects of PD-1/PD-L1 using targeted monoclonal antibodies. This may
explain why there is usually a rapid evolution of thyroiditis in the ICI-setting, whereas
HT is often indolent and slowly progressive. Similar histologic findings to AITD have
been identified in thyroid irAE patients, with markedly increased numbers of PD-1"
CD4" and CD8" T-lymphocytes infiltrating the thyroid gland compared to healthy
controls (164). Concurrently, PD-L1 expression is also increased within the thyroid of
patients who develop a thyroid irAE (206). Differences in circulating immune cell
populations have been observed in patients with thyroid irAEs relative to healthy
controls but overlap with immunophenotyping in HT patients (119, 177). More recent
animal studies further elucidate potential mechanisms driving thyroiditis occurring in
response to ICI-treatment, and suggest CD4" Th17 cells and gamma-delta T7-cells could
mediate development of ICI-associated thyroid irAEs (207). Th17-cells and IL-17 have
been previously implicated in HT, although the role of gamma-delta T-cells in AITD is
unknown (208, 209).

No study has yet compared immune cell subpopulations in patients with thyroid irAEs
to [ClI-treated patients who did not develop a thyroid irAE. Therefore, previous findings
of specific immune cell changes occurring in association with thyroid irAEs may not be
specific to thyroid toxicity, but to melanoma or an ICI-treatment effect more generally.

To bridge this knowledge gap, we employed high dimensional time of flight mass
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4.2

4.2.1

cytometry to compare immune cells at baseline and on treatment in ICI-treated patients
with and without thyroid irAEs.

Materials and methods

We studied immune cell populations in peripheral blood of patients with melanoma
receiving ICI-treatment. Patients were identified from our previous work and categorized
into a thyroid irAE group and a euthyroid control group (167). Patients were allocated
to the thyroid irAE group if they developed overt thyrotoxicosis within 12 weeks of
commencing ICI-treatment. Patients were allocated to the control group if their TSH and
FT4 levels remained within the normal reference interval over 12 weeks following
initiation of ICI-treatment.

Peripheral blood mononuclear cells (PBMC) were retrieved from the MIA Biospecimen
Bank at two timepoints for each patient with available samples. The first PBMC sample
was collected at baseline, prior to ICI-treatment. The second PBMC sample was
collected at the time of first abnormal TSH (thyroid irAE group) or at 8-12 weeks
following the start of ICI-treatment (control group). As such, patient samples were
allocated to one of four groups: (1) thyroid irAE group — baseline samples; (2) thyroid
irAE group — on treatment samples; (3) no thyroid irAE (control) group — baseline
samples; (4) no thyroid irAE (control) group — on treatment samples.

Mass cytometry sample preparation and treatment

Prior to mass cytometric analysis, cryopreserved PBMC samples underwent rapid
thawing and resuscitation through slow dilution in warm Roswell Park Memorial
Institute (RPMI)-1640 medium (Thermo Fisher Scientific) supplemented with 10% fetal

bovine serum (FBS) and 1:10,000 universal nuclease (Thermo Fisher Scientific). Cell
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counts were verified using Trypan blue exclusion variability dye, then washed in

fluorescence-activated cell sorting (FACS) buffer containing Dulbecco’s PBS

supplemented with 1% FBS and 0.05% ethylenediaminetetraacetic acid (EDTA).

Immunophenotyping of PBMCs was performed using a selection of monoclonal

antibodies covering a wide range of T-cell, B-cell, myeloid cell, and natural killer (NK)

cell subpopulations. Specific antibodies used are shown in Table 4.1 and Table 4.2.

Table 4.1: Metal-conjugated antibodies used for mass cytometry analysis

Label Antibody target Clone Manufacturer
89 CDS8 RPA-T8 BioLegend
104 CD45 HI30 BioLegend
108 CD45 HI30 BioLegend
113 CD56 NCAM16.2 BD
115 Ki67 B56 BD
141 CD196 (CCR6) 11A9 BD
142 CD19 HIB19 BioLegend
143 CD117 104D2 BioLegend
144 TCRyd B1 BioLegend
145 PE PE001 BioLegend
146 CDlc L161 BioLegend
147 CD45RO UCHLI BioLegend
148 CDl6 3G8 BD
149 CD45RA HI100 BD
150 FITC FIT-22 BioLegend
151 CD278 (ICOS) DX29 BD
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152 CD66b G10F5 BD

153 CD68 KP1 BioLegend
154 CD3 UCHT1 BD

155 EOMES WD1928 eBioscience
156 CD10 HI10a BioLegend
158 CD33 WMS53 BD

159 CD197 (CCR7) 150503 R&D Systems
160 CD14 MSE2 BD

161 CD274 (PD-L1) 29E.2A3 BioLegend
162 Foxp3 PCH101 eBioscience
163 CD183 (CXCR3) GO025H7 BioLegend
164 GATA3 L50-823 BD

165 Biotin 1D4-C5 BioLegend
166 CD185 (CXCRS) RF8B2 BD

167 CDll1c Bul5s BioLegend
168 CD4 SK3 BioLegend
169 CD25 M-A251 BioLegend
170 CD152 (CTLA-4) 14D3 eBioscience
171 CD24 MLS5 BioLegend
172 Cys CY5-15 Sigma

173 CD141 ADS5-14H12 Miltenyi Biotech
174 HLA DR L243 BioLegend
175 CD279 (PD-1) EHI12.2H7 BioLegend
176 APC APCO003 BioLegend
209 T-bet 4B10 BD
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Table 4.2: Fluorophore-conjugated antibodies used for mass cytometry analysis

Antibody target Clone Fluorophore Manufacturer
CCR3 (extracellular) 5B3 BIOTIN BioLegend
CD161 (extracellular) HP-3G10 FITC BioLegend
GrZB (intracellular) GBI11 APC BioLegend
RORyT (intracellular) Q21-559 Cy5s BD
CD11b (extracellular) ICRF44 PE BioLegend

Samples were plated in 96-well U-bottom plates for staining. Once plated, samples were
centrifuged at room temperature for 5 minutes at 500-times gravity. To identify viable
cells, resultant cell pellets were added to 100ul cisplatin (1:4000 dilution in RPMI;
Fluidigm®) at room temperature. After three minutes, 100ul RPMI was added to quench
the reaction. Cells were barcoded using metal-conjugated lymphocyte common antigen
(CD45) antibodies in incubation for 30-minutes. Following incubation, samples were
washed with FACS buffer and combined. The combined sample was suspended and
incubated in an antibody cocktail containing fluorophore-conjugated surface antibodies
for 30-minutes at 4°C. Following this step, FACS buffer was used to wash cells prior to
resuspension and incubation in an antibody cocktail containing metal-conjugated surface
antibodies for 30-minutes at 4°C. On completion of the two incubation steps, cells were
again washed with FACS buffer, then permeabilized using BD Pharmagen transcription
factor buffer set (BD Biosciences®) for 40-minutes at 4°C. Permeabilized cells were
treated with fluorophore-conjugated intracellular antibodies for 40-minutes at 4°C,

washed in Perm/Wash buffer (1:20 dilution; eBioscience™), followed by treatment with
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4.2.2

metal-conjugated intracellular antibodies for a further 40-minutes at 4°C. Prior to
fixation with 4% paraformaldehyde solution containing DNA intercalator (0.125uM
iridium-191/193; Fluidigm®), cells were washed twice with Perm/Wash buffer and once
with FACS buffer. Fixed cells were incubated overnight at 4°C. Following overnight
incubation, cells were washed and diluted to 800,000 cells/mL in Milli-Q® water and
1:10 diluted EQ™ four element calibration beads (Fluidigm®) prior to filtering through
a 35pm nylon mesh. Filtered cells were acquired at a rate of 200-400 cells/second using
a CyTOF 2 Helios upgraded mass cytometer (Fluidigm®). Samples were run in 1 batch.
Data from the Helios analysis were normalized using CyTOF software (Fluidigm®)
analysis of concurrently run EQ beads.

Statistical analysis

Mass cytometry data was analyzed using FlowJo™ software version 10.6.1 (BD
Biosciences®). To identify viable cells for analysis, pre-gating based on DNA
intercalator and cisplatin staining, as well as CD45 expression was performed prior to
data exportation. R-statistics was used to perform computational analyses with
FlowSOM clustering performed via the R package, Spectre (210, 211). Principal
component analysis (PCA) was performed through Spectre, with between group
differences assessed by multivariate permutational analysis of variance
(PERMANOVA) using the R package vegan (212). Prior to analysis, data were scaled
(to promote balanced comparison between parameters) using the Euclidean distance
calculated between points. Pairwise comparisons were made using the R package
pairwiseAdonis with Holm’s correction for multiple comparisons. To visualize immune

cell populations, uniform manifold approximation and projection plots (UMAP) were
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generated in combination with FlowSOM clustering data via Spectre (213). Unbiased
cell sorting was initially employed to visualize data and identify cell populations of
interest. Manual gating was performed as a sensitivity analysis to confirm changes
identified in the initial unsupervised analysis and classify major immune cell populations
within the sample using the following labels.

e The total cell population was identified by: CCR3, CCR6, CCR7, CDlc, CD3,
CD4, CD8a, CD10, CD11b, CD11¢, CD14, CD16, CD19, CD24, CD25, CD33,
CD45RA, CD45RO, CD56, CD66b, CD68, CD117, CD141, CD161, CTLA-4,
CXCR3, CXCR5, EOMES, Foxp3, GATA3, granzyme B, HLA-DR, ICOS,
Ki67, PD-1, PD-L1, RORut, T-bet, and TCRys.

e The T-lymphocyte population was identified by: CCR7, CD3, CD4, CDS8a,
CDl16, CD25, CD45RA, CD45RO, CD56, CXCR3, CXCRS, Foxp3, GATA3,
granzyme B, Ki67, ROR,t, T-bet, and TCRys.

e The myeloid cell population was identified by: CCR3, CCR7, CD11b, CDl1Ic,
CD14, CD16, CD45RA, CD45R0O, CD56, CD66b, CD68, CD117, CTLA-4,
granzyme B, HLA-DR, ICOS, Ki67, and T-bet.

Statistical analyses performed outside R were conducted using SPSS, version 26 and
additional figures were created using GraphPad Prism, version 8. Parametric and non-
parametric tests were used to compare groups as appropriate. All statistical tests were
two-tailed with two-sided significance level set at p=0.05. To compare samples between
groups (i.e. thyroid irAE baseline vs. no thyroid irAE baseline), a Browne-Forsyth and
Welch one way ANOVA with Dunnett T3 multiple comparison test was performed. To
compare paired samples (i.e. thyroid irAE baseline vs. thyroid irAE toxicity), mixed
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4.3

4.3.1

effects analysis with Sidak’s multiple comparison test was used. Written consent was
provided for each included patient to the MIA Biospecimen Bank, and institutional ethics
approval for this study was obtained through the Sydney Local Health District human
research ethics committee.

Results

Ten patients receiving ICI-treatment for melanoma and with available PBMC samples
were selected for the study. Seven ‘case’ patients were selected on the basis that they
developed a typical thyroid irAE (acute onset overt thyrotoxicosis within three months
of commencing ICI-treatment). Three ‘control’ patients were selected who did not
develop a thyroid irAE and additionally had no (or very mild) irAEs affecting other organ
systems. Cohort characteristics are presented in Table 4.3. Unfortunately, due to sample
availability issues related to COVID-19, there was an imbalance in ICI-treatment
between groups. Whereas most thyroid irAE group patients received combination ICI-
treatment, control group patients were all treated with PD-1 monotherapy. Future studies
are planned to extend the cohort and eliminate the between group differences present in
the current study.

Global circulating immune cell population profile

Mass cytometry analysis was performed on PBMC samples from all patients at baseline
and repeated on samples collected at the time of a thyroid irAE (or at a matched timepoint
for control group patients) to define the composition of circulating immune cells and
associated ICI-treatment induced changes. Initial unsupervised FlowSOM clustering was
performed on all samples (baseline and on-treatment) in both groups and identified 40

meta-clusters representing cell populations within the innate and adaptive immune

101



compartments. Meta-clusters were further consolidated manually into 14 broad

categories encompassing major innate and adaptive immune cell populations (Figure

4.1a). Major populations were further divided into subpopulations that were used to

perform additional within and between group comparisons (Figure 4.1b).

Table 4.3 — Cohort characteristics of thyroid irAE and control patients

Thyroid irAE Control
(n=7) (n=3)

Age (years); median (range) 58 (49-69) 81 (57-85)
Sex (male); n (%) 2 (29) 2(67)
Checkpoint inhibitor; n (%)
- PD-1/PD-L1 alone 1(14) 3 (100)
- Combined CTLA-4 + PD-1 6 (86) 0(0)
AJCC stage; n (%)
- Stage Illc 2(29) 0(0)
- Stage [VMla—-Mlec 5(71) 3 (100)
Brain metastases; n (%) 0(0) 2 (67)
LDH elevated; n (%) 3(43) 0(0)

Baseline TSH (mIU/L); median (range)

1.35 (0.85-3.40)

1.60 (1.17-2.49)

Baseline FT4 (pmol/L); median (range)

13.2 (10.9-14.9)

12.6 (11.1-16.3)

Time to onset of thyroid irAE (days);
median (range)

28 (15-61)

n/a

Maximum FT4 level measured during
follow-up (pmol/L); median (range)

28.3 (23.2-53.8)

14.2 (12.2-17.7)

Additional non-thyroid irAEs; n
- Colitis

- Arthritis

- Hepatitis

- Pneumonitis

- Nephritis

- Hypophysitis

- Ubvettis

- Vitiligo
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Figure 4.1: FlowSOM clustering of immune cells in patients receiving ICI-treatment.
FlowSOM clustering of PBMC samples visualized as UMAP plots of (a) major immune cell

populations and (b) lineage subpopulations from all samples collected at both time points.

Abbreviations: B, CD19" B-lymphocytes; CD4 CCR7, total effector/memory CD4" T-cells;
CD4 CCRT7', total naive memory CD4" T-cells; CD4 TFH, total T-follicular helper cells; CD4
Treg, total CD4" regulatory T-cells; CD8 CCR7, effector/memory CD8" T-lymphocytes; CD8
CCR7', naive CDS8" T-lymphocytes; gdT, gamma-delta T-lymphocytes; M Classical,

CDI14""CDI16  classical monocytes; M Non-classical, CD14"CD16"" non-classical monocytes;

M Other, CD14"CD16" intermediate monocytes; NK CD56(bri), CD56®"€"" natural killer cells

(predominant in secondary lymphoid tissues); NK CD56(dim), CD56™* natural killer cells

(predominant in peripheral blood); xOther, all cells not meeting criteria for inclusion in other

populations; CD4 Mem, total CD4" memory T-cells; CD4 Mem Thl, committed effector

memory CD4" T-cells; CD4 Nve, naive CD4" T-cells; CD4 TFH1, committed T-follicular helper

cells; CD4 Treg CCR7, effector memory CD4" regulatory T-cells; CD4 Treg CCR7", naive

memory CD4" regulatory T-cells; CD4 Treg, total regulatory T-cells.
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4.3.2 Circulating immune cell profile at baseline
Differences in circulating immune cells were present at baseline between the two groups
(Figure 4.2). Baseline changes were independent of ICI-treatment, as samples were
collected prior to ICI-initiation. As a percentage of total cells, B-lymphocytes were
higher in thyroid irAE group patients (median 9%, range 7-13) compared with control
patients (median 4%, range 4-6; p=0.02). Conversely, NK-cells were lower in thyroid
irAE group patients (median 22%, range 8-24) compared with control group patients
(median 38%, range 27-40; p=0.02). As a percentage of total cells at baseline, CD4" T-

cells, CD8" T-cells, monocytes, and gdT-cells were not different between groups.

+ +
B-lymphocytes CD4" T-cells CDS" T-cells
159 * 60 30— ns
% ° b © @ Control
= = B Thyroid irAE
E 104 £ 40 £ 20
@ 3 <
- & -
=]
- e e * p-value =0.02
- -
b = =
g 57 g 20 2 10
> = =
£ I~ £
0 0- 0
Total monocytes Total NK-cells yd T-cells Other cells (unclassified)
30— ns 60 34 34 ns
ns
= = * ) &
= = = =
£ 20 £ 40+ £ 2 £ 24
< s < s
@ @ @ @
s s I s s
i E 2
S 10 S 20+ 2».: 1 g 14
< R & e
[ ~ I~ ~
0= 0- 0- 0-

Figure 4.2: Circulating immune cell populations at baseline
Comparison of baseline immune cell populations as a percentage of total sample in patients with

and without thyroid irAEs. Data presented as median and range; *p = 0.02; ns = not significant.
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Circulating baseline immune cell subpopulations were recalculated as a percentage of

their respective lineage to amplify differences that could otherwise be obscured when

assessed as a percentage of the total sample. No baseline between group differences were

observed in any monocyte, NK-cell, CD4" T-cell, and CD8" T-cell lineage

subpopulations (Figure 4.3).
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and without thyroid irAEs. Data presented as median and range; ns = not significant.
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4.3.3 IClI-treatment related changes in circulating immune cell profile
Thyroid irAE patients experienced significant alterations in the composition of
circulating cells related to ICI-treatment, whereas no ICI-treatment related changes were
observed in any cell lineage in control group (no thyroid irAE) patients.
As a percentage of the total sample, B-cells declined significantly in thyroid irAE group
patients during ICI-treatment (median 6%, range 2-10) compared to baseline (median
9%, range 7-13; p=0.03). Total CD4" T-cells also decreased during ICI-treatment
(median 30%, range 14-35) compared to baseline (median 40%, range 23-46; p=0.02).
No significant changes in total CD8" T-cells, NK-cells or monocytes were observed in
relation to ICI-treatment (p>0.05). Results are displayed graphically in Figure 4.4.
As with baseline analyses, circulating immune cell subpopulations were recalculated as
a percentage of their respective lineage to amplify differences that could be obscured
when assessed as a percentage of the total sample. Although total CD4" T-cells decreased
during ICI-treatment in thyroid irAE group patients, CCR7 effector memory Trec cells
increased relative to baseline as a percentage of total CD4" cells (median 4%, range 3-6
vs. median 2%, range 1-3; p<0.01). Other subpopulations in the CD4" compartment did
not change significantly in response to ICI treatment.
Despite no overall change in CD8" T-cells as a proportion of the total sample in thyroid
irAE group patients, the proportion of CCR7°CD8" effector T-cells increased during ICI-
treatment relative to baseline (median 89%, range 76-91 vs. median 73%, range 67-86;
p<0.01). Conversely, the proportion of naive CCR7"CD8" T-cells decreased during ICI-

treatment relative to baseline (median 11%, range 9-24 vs. median 27%, range 14-33;
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p<0.01). A significant decrease in intermediate monocytes was also associated with ICI-

treatment in thyroid irAE group patients (median 7%, range 3-15 vs. median 11%, range

7-22; p=0.03).
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Figure 4.4: Circulating immune cell populations before and after ICI-treatment

Comparison of baseline and on-treatment immune cell populations as a percentage of total cells
in patients with and without thyroid irAEs. Data presented as median and range; *p < 0.05; ns =

not significant.
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4.4

We examined cellular expression of Ki67 to identify proliferating immune cell
populations potentially mediating the effects of ICl-inhibitors on thyroid toxicity.
Interestingly, following ICI-treatment in the thyroid irAE group, Ki67 expression
significantly increased in CD4" T-cells despite an overall decrease in total CD4" cells as
a proportion of the total sample. Conversely, in control group patients Ki67 expression
did not change in CD4" T-cells (Figure 4.5). Examination of Ki67 expression in CD4"
subpopulations demonstrated that increases were concentrated in Thl effector memory
T-cells, whereas other T-cells in the CD4" compartment did not increase Ki67
expression. Thyroid irAE group patients also had a significant increase in Ki67
expression in CD8" T-cells following ICI-treatment, whereas control patients did not
(Figure 4.5). Examining CD8" subpopulations demonstrated that increased Ki67 was due
to expansion of effector CCR7°CD8" T-cells rather than naive CCR7"CD8" T-cells.
Granzyme B (GZMB) expression, a marker of T-cell activation and proliferation also
increased significantly in effector CCR7°CD8" T-cells, but not in naive CCR7°CD8" T-
cells (Figure 4.6). Ki67 and GZMB expression did not significantly change from baseline
in monocytes, NK-cells or gdT-cells following ICI-treatment in both control and thyroid
irAE groups.

Discussion

The immunology of AITD is complex and incompletely understood. In general terms, a
combination of genetic predisposition and environmental exposure promotes loss of
immune tolerance and progressive autoimmunity directed against the thyroid (214). In
GD there is predominately a humoral response characterized by TRAB mediated

activation of the TSH receptor (214). In HT, a cellular T-cell mediated response
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predominates, although autoantibodies are also present as a secondary phenomenon and

promote progressive lymphocytic infiltration and destruction of the thyroid gland (214).

Thyroid irAEs have phenotypic similarity to AITDs which occur outside the cancer

immunotherapy setting. However, the etiology of thyroid irAEs is less well understood,

and whether a T-cell, B-cell, combination, or other immune response drives pathogenesis

1s not known.
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Figure 4.5: Ki67 expression in CD4* and CD8"* T-cells at baseline and during checkpoint

inhibitor treatment

Comparison of baseline and on-treatment Ki67 expression in CD4" and CD8" T-cells as a

percentage of total cells in patients with and without thyroid irAEs. Data presented as median

and range; *p = 0.01; ns = not significant.
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Granzyme B expression (a marker of T-cell activation and proliferation) was measured at

baseline and on treatment in patients with and without thyroid irAEs as a percentage of total

CD8" T-cells (left panel), CCR7" ‘effector’ CD8" T-cells (center panel), and CCR7" ‘naive’

CD8" T-cells (right panel). Data presented as median and range; *p<0.01; **p=0.03; ns = not

significant.

In this study, we analyzed the circulating immune profile of ten melanoma patients

receiving ICI-treatment to identify immune cells involved in the pathogenesis of thyroid

irAEs. Important pre-ICI treatment differences were noted between subjects who

developed thyroid irAEs and those who did not and may have relevance as biomarkers

of thyroid irAE susceptibility; our ability to interpret post-treatment changes was limited
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by an imbalance in ICI treatments between groups and are therefore reported as pilot
data.

At baseline (before ICI-treatment), B-lymphocytes were significantly higher as a
proportion of total cells in patients who experienced a thyroid irAE. Our results suggest
that baseline B-cell concentrations >7% have potential use as a biomarker of thyroid
irAE susceptibility. B-lymphocytic involvement in thyroid irAE pathogenesis has
biological plausibility. Our previous work clearly demonstrated an association of B-cell
derived anti-thyroid antibodies with thyroid irAE development (169). Unfortunately, we
did not know the TPOADb and TgAD status of patients included in this study. It could be
postulated that higher B-lymphocyte populations at baseline suggest an increased
likelihood of TPOAb and TgAb positivity in these patients. Baseline antithyroid
antibodies would suggest the immune system is primed against the thyroid prior to ICI-
treatment and progresses rapidly following breakdown in immune tolerance related to
checkpoint inhibitor blockade. As such, B-cell responses prior to ICI-treatment could be
important mediators of thyroid irAE susceptibility.

Treatment related changes associated with thyroid irAEs included proliferation of CD4*
and CD8" T-cell subpopulations (which were static in those who remained euthyroid),
but as noted there is possible confounding by the dual-ICI treatments these patients
received, compared to single-agent anti-PD1 treatments in the control group.
Nevertheless, many changes identified in our results are consistent with phenotypic
changes in the immune profile reported in other published studies of immunotherapy-
related toxicity. Also, B-lymphocytes decreased as a proportion of the total sample

during ICl-treatment in thyroid irAE group patients. This replicates findings from
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another study, which also showed decreased circulating B-cell levels in ICI-associated
thyroiditis patients compared to healthy controls (177). Decreases in B-lymphocyte
concentration during treatment are interesting when considered in conjunction with the
concomitant increase in CD4" and CD8" effector T-cells we observed in our study. Such
changes suggest that B-cell responses may prime the immune system against the thyroid,
but under influence of checkpoint inhibitors there is a shift toward a predominate T-cell
phenotype which further mediates immune infiltration of thyrocytes and promotes the
rapidly progressive thyroiditis that is characteristic of thyroid irAEs.

Previous studies have demonstrated increased PD-1 expression in tumor infiltrating
lymphocytes and increased PD-L1 expression within the thyroid gland in patients with
AITD (176). Extension of this line of reasoning presupposes that thyroid irAEs may arise
in patients with pre-existing, not clinically apparent HT, whereby ICI-treatment
accelerates the immune response against thyroid tissue already primed by the presence
of antithyroid antibodies and tissue specific effector T-lymphocytes. We observed
proliferation and expansion of CD8" effector T-cells related to ICI-treatment in patients
with thyroid irAEs. Infiltration of the thyroid gland by T-lymphocytes has been
previously described following ICI-treatment (177, 206, 215). In fact, fine needle thyroid
aspirates in patients with IClI-associated thyroiditis have demonstrated high levels of
CDS8" T-cells relative to healthy controls (177, 216). Additionally, the phenotype of
CD8" T-cells in thyroid irAE patients was different relative to HT and healthy volunteers
(216). Thyroid irAE cases were more likely to have GZMB, CXCR6, and interferon
gamma-positive CD8" T-cells as opposed to EOMES-positive ‘autoimmune-mediator’

T-cells and TIGIT'PD1" ‘exhausted’ T-cells which predominated in AITD patients and
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healthy controls respectively (216). We also found increased GZMB expression in a
subpopulation of effector CD8" T-cells, lending support to the importance of this cell
population in the etiology of thyroid irAEs.

In our study, baseline NK-cells were significantly reduced as a proportion of the total
sample in thyroid irAE group patients compared to control group patients. This mimics
results from a study which also found lower proportions of NK-cells in patients with ICI-
induced colitis, supporting a key role of innate immune responses in the pathogenesis of
thyroid irAEs (217). Reduction in NK-cell activity has been demonstrated in patients
with AITD outside the ICI-setting, lending further support for a potential shared
mechanism between these distinct disease entities (218). Increased levels of
CD16"CD56" NK-cells have been reported in both thyroid irAEs and AITD compared
to healthy volunteers (119, 177). We did not observe an increase in NK-cell levels during
treatment, however our control group was ICI-treated euthyroid controls and therefore
does not allow for direct comparison of our results with previously published data.
Limited other studies have examined the role of specific immune cells in ICI-associated
thyroiditis. A mouse model of ICI-thyroiditis identified intrathyroidal IL-17A" T-cells
and gdT7 cells to be associated with thyroiditis following ICI-treatment (207). The same
study also showed that blockade of IL-17 using a monoclonal antibody antagonist
prevented lymphocytic infiltration of the thyroid gland without impairing anti-tumor
efficacy of ICI-treatment (207). We did not identify significant changes in gdT-cells at
baseline or during ICI-treatment in our cohort. Therefore, the significance of these
findings is unknown, and confirmation in cancer patients is required, as there may be

differences in irAE pathogenesis between human subjects and mice.
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4.5

Our study has limitations. The study population was limited to ten patients and there
were baseline differences between patients in the thyroid irAE and control groups. We
cannot exclude that between group differences in age, sex and ICI-treatment may have
influenced immune cell composition at baseline and during ICI-treatment. Future studies
are planned to mitigate these differences. Finally, we did not have thyroid tissue, and
only measured circulating immune cell populations. As such, we could not assess the
immune phenotype within the target organ of interest, and it is possible that circulating
immune cell changes may not directly mimic immune cell populations within the thyroid
microenvironment.

Conclusion

This study demonstrates a unique immune signature associated with thyroid irAEs in
patients undergoing ICI-treatment for melanoma. Our results support a role for multiple
immune cell types, including B-lymphocytes, T-cells, and NK-cells in the pathogenesis
of ICI-induced thyroiditis with similarities to the distinct immune changes long known
to be associated with AITD more generally. As thyroid irAEs are common and well-
established biomarkers of ICI response, elucidating their mechanistic underpinnings may
improve understanding of irAE susceptibility more generally and promote development

of next generation ICIs which uncouple the anti-tumor benefits from irAE toxicity.
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FLT3 polymorphisms and FLT3 ligand levels in thyroid irAEs

5.1

5.1.1

Introduction

Thyroid irAEs are a frequent complication of ICI-treatment (166, 200). In many aspects,
the clinical presentation and course of thyroid irAEs are similar to sporadic thyroiditis
in patients with AITD not receiving ICI-treatment (167). Additionally, anti-thyroid
antibodies are highly prevalent in patients with thyroid irAEs, although to a lesser
degree than in GD, HT and other forms of AITD (169). AITD is highly heritable, with
more than one-third of patients with HT having one or more affected siblings and higher
concordance of HT and GD in monozygotic, compared to dizygotic, twins (219, 220).
Multiple susceptibility genes have been identified which predispose an individual to
future thyroid autoimmunity (221). Emerging data suggest that genetics also influence
risk of thyroid irAEs, involving polymorphisms in many genes like those implicated in
AITD (174, 175). This chapter will review the genetic susceptibilities to AITD and
thyroid irAEs, followed by new experimental data we produced examining the
association of fms-related tyrosine kinase 3 (FLT3) variants to risk of thyroid irAEs.
Genetics of autoimmune thyroid disease

Autoimmune thyroid disease encompasses a spectrum of thyroid conditions affecting
up to 5% of the general population (222). A much greater number, perhaps up to 20%,
of adult women, have measurable anti-thyroid antibodies without active manifestations
of thyroid disease (222). Despite varying clinical presentations, GD, HT, and other

AITDs share multiple genetic susceptibility loci (223). Affected loci are mainly
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clustered within genes that regulate immune responses and genes related to thyroid
structure and function (224).

Thyroglobulin (Tg) and thyroid stimulating hormone receptor (TSHR) are frequent
antigen targets of the immune response in AITD. Perhaps expectedly, genetic and
epigenetic polymorphisms in Tg gene and TSHR gene are two of the main thyroid-
specific genes that have been associated with increased susceptibility to AITD (224).
Relative to alterations in thyroid-specific genes, many more immune-specific genes
have been associated with susceptibility to AITD. Aberrations have been identified in
genes involved with maintenance of peripheral tolerance (forkhead box P3 and CD25),
T-cell co-stimulation (CD40 and CTLA-4), and antigen presentation (HLA-DR),
reflecting the critical importance of immune factors in the development of thyroid
autoimmunity (221, 223).

5.1.2 FLT3 polymorphisms and risk of AITD

A recent genome wide association study (GWAS) of 30,000 AITD patients and 700,000
controls identified 99 sequence variants associated with increased susceptibility to
AITD (225). Among them was a previously unknown, low frequency (1.4%) SNP in
FLT3 (rs76428106-C) (225). FLT3 is a tyrosine kinase receptor that regulates
development of monocytes and dendritic cells from haematopoietic progenitors (226).
FLT3 minor allele rs76428106-C conferred a larger effect on risk of AITD (OR 1.46)
than all other identified variants, including previously well-established susceptibility
genes such as CTLA-4 and HLA-DR (225). Functional studies demonstrate that patients
expressing the rs76428106-C variant produce a truncated FLT3 protein without a

functional tyrosine kinase domain (225). As such, there is accumulation of FLT3 ligand
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5.1.3

(FLT3-L), with a doubling of plasma FLT3-L levels for each copy of 1s76428106-C
(225).

Genetics of thyroid irAEs

Thyroid irAEs are associated with improved treatment response and better PFS and OS
in cancer patients receiving ICI-treatment (164, 167, 180). Therefore, understanding
which patients will develop thyroid irAEs, and the mechanisms underlying
development are prognostically useful and important. Potential demographic predictors
of thyroid irAEs have been identified but lack generalizability with many additional
studies failing to find similar associations (78, 166, 200). As such, interest in identifying
genetic susceptibility loci which promote thyroid irAEs, and consequently suggest
improved response and survival to ICI-treatment has intensified.

Two studies have examined the genetic underpinnings of thyroid irAEs (174, 175). In
one study, a polygenic risk score (PRS) for hypothyroidism or use of thyroid
medications derived from UK Biobank data was applied to a cohort of 744 patients
receiving ICl-treatment (175). Interestingly, development of a thyroid irAE was
significantly associated with the UK Biobank hypothyroidism PRS, with a HR of 1.34
per SD of PRS (175). These associations were validated in a second cancer cohort of
561 patients, where a similar effect size was observed (175). A second study applied a
similar hypothyroidism PRS including 140 variants with highest probability of
association to 2616 patients receiving atezolizumab treatment across multiple phase I11
clinical trials (174). They also found the PRS for hypothyroidism was associated with
a greater than six-fold increased risk of thyroid irAEs in their atezolizumab-treated

cohort (174). Variants identified with the highest estimated importance to irAE
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5.2

susceptibility were strikingly like the variants known to increase susceptibility to AITD
such as CTLA-4, PTPN22 and Tg (174).

Given the overlap in genetic variants predicting thyroid irAEs and AITD, plus the recent
discovery that loss of function mutations in FLT3 are associated with increased
susceptibility to AITD, we hypothesized that FLT3 may also be associated with
susceptibility to thyroid irAEs following ICI-treatment. To test this hypothesis, we
assessed for FLT3 rs76428106-C SNPs and FLT3-L levels in a cohort of melanoma
patients undergoing ICI-based cancer treatment.

Materials and methods

To examine the association between FLT3 rs76428106-C SNP and risk of thyroid
irAEs, we performed a pilot, case-control study of adult patients undergoing ICI-
treatment for melanoma. Patients who developed thyroid irAEs were considered cases
and those who remained euthyroid were considered controls. Demographic, treatment,
and thyroid function test data were extracted from a prospectively maintained MIA
database and from laboratory records. Separately, germline DNA was isolated from
patient blood samples in the MIA Biospecimen Bank and GWAS genotyped as part of
an unrelated MIA study (227). From this GWAS data, FLT3 rs76428106-C SNP data
was provided for 482 patients receiving ICI-treatment and with known thyroid irAE
outcomes. For a subset of 128 patients, we retrieved fresh MIA Biospecimen Bank
blood samples to measure FLT3-L levels. Soluble FLT3-L was duplicate measured in
plasma using quantitative sandwich ELISA as per the manufacturer’s instruction (R&D

Systems, Human FIt-3 Ligand/FLT3L Quantikine® ELISA kit, catalog DFK00).
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5.2.1

5.3

Our primary outcome was to test whether thyroid irAE prevalence differed by FLT3
rs7648106-C genotype. We hypothesized that thyroid irAEs would be most prevalent
in patients with homozygous FLT3 rs76428106-C variants, intermediate prevalent in
heterozygous individuals, and least prevalent in patients with wild type FLT3.
Secondary outcomes included measurement of FLT3-L levels in a subset of patients as
a surrogate marker of FLT3 genotype, and regression analysis of relevant factors
(including FLT3 rs76428106-C genotype) to assess for associations with thyroid irAE.
Statistical analysis

As a pilot study with a small sample size, our aims were predominately hypothesis
generating. Baseline characteristics are presented as frequency and percentage or mean
and SD. The genotypes of patients in the thyroid irAE group and no thyroid irAE group
were compared by Pearson chi-square analysis with statistical significance level set at
p<0.05. Unpaired t-test was used to compare FLT3-L levels between groups. Logistic
regression analysis was performed to correlate the risk of thyroid irAE and FLT3
genotype using age, sex, ICI-type, and the first ten principal components as covariates.
Results

A total of 536 patients were available for analysis. Thyroid irAEs occurred in 276
patients (52%), with no thyroid irAEs in the remaining 260 patients (48%). Baseline
characteristics are presented in Table 5.1. GWAS data for FLT3 rs76428106-C SNPs
was available for 482 patients (90%). FLT3-L levels were measured in 128 patients
(24%). The combination of both FLT3 SNP data and FLT3-L levels were available for

74 patients (14%).
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Table 5.1: Baseline characteristics

Entire cohort Thyroid irAE No thyroid irAE
(N=536) (n=276) (n=260)

Sex (male); n (%) 347 (65) 159 (58) 188 (72)

Age (years); mean (SD) 63 (14) 61 (14) 65 (14)

TSH (mIU/L); mean (SD) 1.54 (0.80) 1.50 (0.85) 1.58 (0.74)

FT4 (pmol/L); mean (SD) 13.2 (2.0) 13.4(2.2) 13.0 (1.8)
Checkpoint inhibitor; n (%)

e CTLA-4 only 38 (7) 14 (5) 24.(9)

e PD-1/PD-LI only 303 (57) 139 (50) 164 (63)

e Combination ICI 195 (36) 123 (45) 72 (28)
Non-thyroidal irAEs; n (%)

e Any 413 (77) 223 (81) 190 (73)

o Severe (CTCAE >3) 108 (20) 72 (26) 36 (14)

o Multisystem (>2) 31(6) 23 (8) 8(3)

5.3.1 Prevalence and distribution of FLT3 variant rs76428106-C

The allelic frequency of rs76428106-C in our cohort was 1.9%, similar to the low
frequency (1.4%) observed in a large European study of over 700,000 individuals (225).
Only two patients in our study demonstrated rs76428106-C homozygosity for the FLT3
variant both of whom developed a thyroid irAE. Heterozygosity was present in 14
individuals, eight of whom developed a thyroid irAE, while the rest remained euthyroid.
Although proportionally greater in thyroid irAE patients, the rs76428106-C variant was
not statistically associated with an increased risk of thyroid irAEs in our study.

Genotype distributions and analysis of FLT3 polymorphism rs76428106-C by thyroid

irAE outcome are presented in Table 5.2.
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Table 5.2: Genetic distribution of FLT3 variant rs76428106-C

FLT3 rs76428106 Thyroid irAE No thyroid X2 test p-value
genotype irAE
Homozygous (CC); n (%) 2() 0(0)
Heterozygous (CT); n (%) 8(3) 6(2) 2.577 0.28
Wild type (TT); n (%) 224 (96) 242 (98)

5.3.2 FLT3 ligand levels

FLT3-L was measured in 128 patients with a median level of 88 pg/mL (range 21-287).

The distribution of FLT3-L levels in our cohort is presented in Figure 5.1. In patients

who developed a thyroid irAE, median FLT3-L level measured 88 pg/mL (range 22-

287).
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Figure 5.1: Distribution of FLT3-L levels in 128 patients receiving ICI-treatment
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In patients that did not experience a thyroid irAE, median FLT3-L level measured 89

pg/mL (range 21-223). FLT3-L levels in thyroid irAE patients were not statistically

different from levels in patients that did not develop a thyroid irAE (Figure 5.2; p=0.72).
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Figure 5.2: FLT3 ligand levels in patients with and without thyroid irAEs
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5.3.3 Logistic regression analysis of thyroid irAE related factors

A logistic regression analysis was performed to ascertain the effect of FLT3

1s76428106-C variant on the likelihood patients with melanoma developed a thyroid
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irAE while receiving ICI-treatment. For this analysis, heterozygous and homozygous

cases were combined into a single group due to the low allele frequency and small

number of homozygous cases (n=2). The logistic regression model was statistically

significant (X2(15) = 44.2, p<0.001) and explained 12% of the variance in thyroid irAE

development (Nagelkerke R?). Our model classified 61% of cases correctly. In our

cohort, the presence of SNP rs76428106-C in the FLT3 gene was not associated with

increased susceptibility to thyroid irAE development (Table 5.3). Associations were

observed for male sex, who were 42% less likely to develop an irAE than women (OR

0.58,95% CI 0.39-0.87). Combination CTLA-4 and PD-1 ICI-treatment was associated

with increased likelihood of thyroid irAE compared to both CTLA-4 and PD-1 ICI-

treatment alone (Table 5.3).

Table 5.3: Logistic regression analysis of factors associated with thyroid irAEs

Independent variable B SE p-value | Exp (B) | 95% CI for
Exp (B)

Age (per year) -0.012 | 0.007 0.09 0.99 0.98-1.00
Sex

e Female (ref)

e Male -0.544 | 0.204 0.01 0.58 0.39-0.87
Checkpoint inhibitor

e Combination (ref)

e CTLA-4 only -1.160 | 0.403 <0.01 0.31 0.14-0.69

e PD-1/PD LI only -0.725 | 0.211 <0.01 0.48 0.32-0.73
rs76428106-C

e Hetero- or homozygous (ref)

e Wild type 0.543 | 0.546 0.32 1.72 0.59-5.01
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Discussion

The current study tested whether a recently discovered AITD susceptibility variant in
FLT3 gene (rs76428106-C) was associated with development of thyroid irAEs in 482
patients with melanoma receiving ICI-treatment. Despite biological plausibility of an
association, our results did not suggest significant differences in prevalence of FLT3
1s76428106-C variant between patients with and patients without thyroid irAEs.
Additionally, we measured FLT3-L levels in a subset of patients and did not find a
significant difference between patients that developed a thyroid irAE and patients that
remained euthyroid. Logistic regression analysis confirmed data from our previous
study and showed that sex and ICI-type were significantly associated with increased
likelihood of thyroid irAEs (167). However, FLT3 rs76428106-C genotype was again
not significantly associated.

FLT3 (also known as CD135) is a tyrosine kinase receptor present mainly within cells
of the haematopoietic system (228). FLT3 is activated via binding its ligand, FLT3-L
which then regulates differentiation, proliferation, and survival of multiple
haematopoietic progenitor cells both directly and via interaction with other cytokines
such as type 1 interferons (228). Somatic activating mutations of FLT3 have been
implicated in multiple disease states, such as acute myeloid leukemia (AML), and
follicular thyroid carcinoma (228-230). More recently, an inactivating mutation in
FLT3 (rs76428106-C) was associated with increased susceptibility to autoimmune
disease states such as type 1 diabetes mellitus and coeliac disease (225). The
rs76428106-C variant resulted in a premature stop codon and truncated FLT3 protein

without functional tyrosine kinase activity (225). As such, rs76428106-C mutations are
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predicted to cause a loss of function of the FLT3 protein, which has been supported by
functional studies which showed a 22% decrease in functional FLT3 transcripts for each
1s76428106-C allele present (225). Reduction in the number of full length (wild-type)
FLT3 transcripts was associated with marked increases of FLT3-L in individuals
carrying the rs76428106-C variant (225).

FLT3-L may have a pivotal function in determining susceptibility to autoimmune
disease. Individuals born with rare forms of combined immunodeficiency have unique
predisposition to autoimmune disease, and have FLT3-L levels 100-fold greater than an
immunocompetent population (231). Animal models of autoimmune thyroiditis also
have increased FLT3-L levels in proportion to disease severity, and administration of
FLT3-L to normal mice induces lymphocytic destruction of the thyroid gland (232).
FLT3-L levels are elevated in humans with autoinflammatory arthritis and systemic
sclerosis, where it may have potential as a biomarker for more severe disease (233, 234).
Hence, it is hypothesized that increased levels of FLT3-L observed in association with
1s76428106-C variants of the FLT3 gene may induce autoimmunity via preferential
amplification of immunogenic (rather than tolerogenic) signaling pathways (225).
Interestingly, inhibitors to FLT3 have been developed and investigated for treatment of
FLT3-mutated AML, and thyroid dysfunction was not observed as an adverse effect of
FLT3 inhibition despite presumably high levels of FLT3-L (235, 236).

In our study, we did not observe a difference in FLT3-L levels between patients with
thyroid irAEs and those without. However, our results do not preclude FLT3-L as a

potential biomarker of thyroid irAE susceptibility.
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Our study has limitations. As an exploratory pilot study, there were several reasons we
may have failed to show a significant association between rs76428106-C SNP in FLT3
gene and susceptibility to thyroid irAEs. Firstly, as in the landmark study demonstrating
the association between FLT3 (rs76428106-C) and AITD in a European population, we
also documented a very low risk allele frequency of <2% in our Australian cohort (225).
Therefore, our study was underpowered to detect an association of rs76428106-C with
thyroid irAEs. That said, our results are interesting in that both patients homozygous
for the rs76428106-C FLT3 risk allele developed a thyroid irAE, whereas no patients
without a thyroid irAE had two copies of the rs76428106-C variant. Secondly, FLT3-L
could only be performed in a subset of 128 patient, of which 76 were wild-type, two
were 1s76428106-C heterozygous, and 50 had an unknown genotype. Therefore, we had
limited power to detect differences in FLT3-L levels between groups, especially given
the low frequency of the risk allele in the population.

Conclusions

The FLT3 gene polymorphism rs76428106-C and FLT3-L levels have been associated
with AITD but were not associated with thyroid irAEs in our study. Further examination
of this SNP and FLT3-L levels in a larger population of ICI-treated patients is warranted
given the strong association between other genetic susceptibility loci in AITD and
thyroid irAEs as well as the prognostic benefits observed in cancer patients in
association with thyroid irAEs. However, given its low allelic frequency, it seems
unlikely to fully explain thyroid irAEs, which occur at a much higher rate than could be

explained by FLT3 polymorphisms alone.
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Development of an animal model to identify novel thyroid auto-

antibodies mediating thyroid irAE development

6.1 Prelude
This chapter was intended to co-opt an animal model used previously to identify novel
central nervous system (CNS) autoantigens in multiple sclerosis patients. We had
intended to use this same animal model to identify novel thyroid autoantigens in ICI-
treated patients experiencing thyroid irAEs. The study was conceptualized and
submitted to the animal ethics committee in 2019. However, due to COVID-19, related
lockdowns, and repeated laboratory closures, the study was not commenced until late
2022. Within the time confines of this thesis, final testing of rodent thyroid by indirect
immunofluorescence (IIF) was not possible but will be performed after thesis
submission. Therefore, this chapter has evolved and in place of IIF data, will instead
detail our optimization of the rodent perfusion fixation procedure, thyroid extraction,
and immunohistochemical staining of resected rodent thyroid confirming adequate
tissue perfusion-fixation to permit future autoantibody testing via IIF.

6.2 Background
Thyroid irAEs are a common drug-related side effect of ICI-treatment and
approximately 30-40% of patients that develop overt thyroid irAEs will have detectable
TPOAD or TgAb (169, 200). Although TPOAD and TgAb are more prevalent in cancer
patients with thyroid irAEs compared to those without, TPOAb and TgAb positivity is
still well below the >90% prevalence observed in HT and other AITDs (82, 169).

TPOAD (and TgAb to a lesser extent) are likely to be pathogenic in HT as a secondary
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phenomenon following an initial immune insult (82). TPOADb can fix complement in
vitro, and helps direct a primed immune system against the thyroid gland leading to
progressive lymphocytic infiltration and eventual gland fibrosis and failure (82, 237).
Whether TPOADb or TgAb participate in the pathogenesis of thyroid irAEs, and if so,
why they are less prevalent then in HT, remains unknown.

Antibodies against other thyroid structures have been identified and appear
overrepresented in patients with AITD. For instance, 10-20% of patients with HT and
GD have IgG antibodies against the sodium iodide symporter (NIS), the channel
responsible for iodine uptake into the thyroid gland (238, 239). Similarly, antibodies
against pendrin, a channel protein which mediates movement of iodide into the
follicular lumen, can be detected in 9% of patients with AITD, and are not observed in
healthy controls (239, 240). Thyroid hormone (T4, T3) antibodies are even more
common, present in up to 40% of patients with HT and 20% of patients with GD (241).
To date, the significance of non-TPO, non-Tg antibodies in the pathogenesis of AITD
has not been established, and therefore they are not routinely measured in clinical
practice (242). Furthermore, no studies have examined for non-traditional thyroid
antibodies in association with thyroid irAEs, or whether they are present in affected
patients without traditional anti-TPO and anti-Tg antibodies. Determining the
mechanism by which patients develop thyroid irAEs, and how they differ from AITD
occurring outside the cancer setting is important and could have practical implications
that would help determine appropriate surveillance and management of thyroid function

in these patients.
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6.3

6.3.1

In chapter 3, we demonstrated that patients who develop thyroid irAEs are more likely
to have positive TPOAb and TgAb than patients that remain euthyroid (169). However,
we also showed that many thyroid irAE patients did not have detectable TPOAb or
TgAb (169). Based on this discrepancy, we hypothesized that other (non-TPOAD, non-
TgAb) antibodies directed against the thyroid may be involved in the pathogenesis of
thyroid irAEs. To test our hypothesis, we developed an animal model to test for
additional antibodies (i.e. NIS, pendrin, etc.) in ICI-treated patients with TPO/TgAb-
negative thyroid irAEs.

Materials and methods

We developed a pilot study to assess whether autoantibodies to non-classical thyroid
antigens (NIS, pendrin, T4, etc.) were present in patients with ICI-associated thyroid
irAEs. MIA Biospecimen Bank serum samples were chosen from the same cohort of
patients used in our previous antibody study, so that TPOADb and TgAbD titers were
known for all patient samples (169). The study was assessed and approved by the
Animal Ethics Committee, Northern Sydney Local Health District (reference
RESP/21/003). Experimentation was conducted in alignment with the Animal
Research: Reporting of /n Vivo Experiments (ARRIVE) guidelines (243).
Experimental design - overview

A total of eight female Lewis rats were used. On arrival from Animal Resources Centre,
Western Australia, rats were approximately 10 weeks of age and were housed in pairs
in standard clear polycarbonate cages within Kearns animal facility (Kolling Institute
of Medical Research, St. Leonard’s, NSW, Australia). During a two-week

acclimatization period animals were fed ad 1ib and maintained on a 12-hour light-dark
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schedule. Animals were monitored and weighed twice weekly during acclimatization.
At 12-weeks of age, rats were anaesthetized and then euthanized via thoracotomy and
intra-cardiac perfusion fixation. Intra-cardiac fixation was chosen over immersion
fixation, as it uses the animal’s own vasculature to deliver fixative to tissues, thus
preserving tissue more rapidly and uniformly, which limits hypoxic damage degrading
the quality of the tissue specimen (244). Following fixation, the thyroid and other target
organs were harvested, and flash frozen in liquid nitrogen. Because rat and human
thyroid tissues are structurally similar, rat thyroid can act as a useful proxy to study
thyroid disease in humans (245).
6.3.2  Anaesthesia protocol
Prior to surgery, animals were lightly anaesthetized using 2% isoflurane in oxygen via
induction chamber. Once anaesthetized, animals were placed on a heating pad to expose
the abdomen and 1% isoflurane was continued via nose cone. Animals were then
administered 80 mg/kg intraperitoneal ketamine into the lower left quadrant of the
abdomen via 25-gauge needle to induce a deeper plane of anaesthesia.
6.3.3 Thoracotomy protocol

Following confirmation that a surgical plane of anaesthesia had been achieved (animal
unresponsive to firm toe pinch), the chest cavity was opened using a lateral incision
through the chest wall just inferior to the rib cage (Figure 4.1). Blunt dissection was
used to separate the diaphragm from the liver and other viscera (246). Vertical incisions
lateral to each rib cage were made. Using a hemostat, the sternum and ribs were
reflected cranially to expose cardiac structures and major vessels within the pleural

cavity (Figure 6.1).
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Figure 6.1: Thoracotomy procedure used to expose cardiac organs
Image taken from (246) Gage et al. Whole animal perfusion fixation for rodents. J Vis Exp.

2012;65:3564.

6.3.4  Perfusion-fixation protocol
Using a 5.0 nylon suture, the left ventricle was pierced to anchor the heart prior to
making a small incision at the apex. A 21-gauge blunt cannula was fed through the
incision and advanced gently to sit within the ascending aorta (246). A second incision
was made to the right atrium to create an outflow tract. To begin, phosphate buffered
saline (PBS) was administered manually via an infusion set attached to the aortic
cannula until clear fluid drained from the right atrium and the liver was pale. Intra-
cardiac PBS infusion was followed by perfusion with 4% paraformaldehyde via the
same cannula (Figure 6.2). We monitored for vigorous tremors during perfusion and
animal stiffness at the end of the procedure was used as an indicator of a successful

fixation.
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Figure 6.2: Perfusion procedure used to perform whole animal fixation
Image taken from (246) Gage et al. Whole animal perfusion fixation for rodents. J Vis Exp.

2012;65:3564.

6.3.5 Tissue extraction and preparation
Following completion of the perfusion-fixation process, the thyroid was harvested and
flash frozen in isopentane (cooled in liquid nitrogen). Thyroid tissue blocks were stored
at -80°C until sectioned (5 um) via cryostat microtome and placed onto slides. Cryostat
sections were sequentially stained using Mayer’s haematoxylin and Scott’s bluing
solution. Slides were checked for correct ratio of staining prior to dehydration in ethanol
and xylene. Dehydrated tissues were then mounted using a resinous media. Future plans
are for rat thyroid to be treated with human sera from melanoma patients with ICI-
associated thyroid irAEs ex vivo. Rat tissues will be assessed for the presence of

autoantibodies using indirect IIF. Patients with thyroid irAEs and high titers of TPOAb
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and TgAb (identified from our previous work) will be used as positive controls. Patients
with thyroid irAEs without detectable TPOADb or TgAb will also be subjected to IIF to
address whether non-TPO, non-Tg antibodies are present and potentially involved in
the pathogenesis of ICI-induced thyroid dysfunction.

Discussion

The effects of checkpoint inhibitor treatment on the immune system are wide ranging,
and multiple immune mechanisms likely contribute to development of irAEs (247). ICI-
effects on T-cells are best characterized, although interactions with innate immune
populations and cells of the B-lymphocyte lineage are increasingly recognized as
playing important roles (247). In this chapter, we describe optimization of an animal
model that will be used to test for non-traditional autoantibodies in association with
thyroid irAEs. This model has previously been validated in patients with multiple
sclerosis, where novel CNS antibodies have been identified (248). Unfortunately, IIF
experiments could not be completed prior to thesis submission, but much work has been
done to optimize the perfusion-fixation method and to extract and store fixed thyroid
tissue for future testing.

Anti-thyroid antibodies (TPOAD, TgAb) are more prevalent in patients who experience
a thyroid irAE relative to those that do not (169). However, over half of patients with a
thyroid irAE do not have measurable TPOAb or TgAb (169). We propose that other
thyroid antibodies are involved in the pathogenesis of TPOAb/TgAb-negative thyroid
irAEs and that determination of non-traditional autoantibodies mediating thyroid irAE

development is important, with potential for utility as a clinical biomarker and to

135



develop personalized management strategies for patients at the highest risk of thyroid
toxicity.

The role of non-traditional antibodies has already been established in many irAEs
affecting non-thyroid organ systems. For instance, pre-treatment antibodies against
guanine nucleotide binding protein (GNAL) and integral membrane protein 2B
(ITM2B), two proteins found within normal pituitary tissue, are associated with
development of ICI-induced hypophysitis (66). Similarly, BP180 antibodies targeting
desmosomes within the dermal-epidermal junction are overrepresented in patients with
skin-based irAEs and antibodies to CD74, which normally has modest expression in
lung tissue, are present in patients with ICI-associated pneumonitis (66, 249). Other
tissue specific antibodies have been documented in association with irAEs such as
dermatomyositis, Raynaud’s phenomenon, and cerebritis (247). Moreover, non-specific
antibodies such as antinuclear antibody (ANA), extractable nuclear antigens and anti-
smooth muscle antibodies have been associated with irAE development in multiple
discrete organ systems (247).

Interestingly, patients with pre-existing autoimmune disease have increased
susceptibility to disease reactivation or de novo irAEs following treatment with ICIs
(59-61). It has been proposed that pre-treatment antibody positivity may signal
subclinical autoimmunity that is unleashed by the effects of antibodies against the PD-
1 and CTLA-4 pathways. In one study, Gowen et al used an unbiased proteomic
microarray to compare global antibody profiles in pre-treatment sera of melanoma

patients treated with ICIs (250). Toxicity specific antibody signatures were observed
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capable of discriminating between patients with and without irAEs with >90%
accuracy, sensitivity and specificity (250).

Identification of patients at increased risk of ICI-toxicity is relevant and worthwhile, as
the development of an irAE has been shown to associate with improved cancer
outcomes, particularly thyroid irAEs (70-74, 166-168). Although antibodies are
associated with irAE development, until recently their prognostic significance
independent of irAE development was less clear. Emerging data suggest antibodies are
independently associated with ICI-related outcomes. For instance, baseline positivity
for rheumatoid factor and ANA has been associated with improved PFS, objective
response rate and disease control rates in a retrospective study of 137 patients treated
with PD-1 inhibitors (185). Conversely, some antibodies may protect against irAE
development. Antibodies against fibroblast growth factor receptor-1 appear protective
against irAE development, but were associated with lower overall survival (251).
Another possibility is that patients with TPOAb/TgAb-negative thyroid irAE cases may
have a non-antibody mediated aetiology and represent a distinct class of thyroid
disorder separate to patients with TPOAb/TgAb-positive thyroid irAEs.

Conclusion and future directions

The work presented in this chapter outlines an experimental approach to test for non-
traditional antibodies against thyroid antigens. We optimized an intra-cardiac perfusion
fixation technique and employed it to collect thyroid specimens from eight rats. These
samples will be foundational for future IIF work using targeted antibodies against non-
traditional thyroid antigens to establish if such antibodies are associated with

development of thyroid irAEs.
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Determination of the immune mechanisms underpinning thyroid irAEs is important
clinically, as pre-treatment sampling could be an easy and effective method for
measuring biomarkers with capacity to identify patients at highest risk of irAEs and

those most likely to respond to ICI-treatment.
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Summary and future directions

7.1

Summary and application of thesis findings

Immune checkpoint blockade represents a huge step forward in the treatment of
advanced malignancies, many having previously been considered a death sentence.
However, ICl-associated irAEs remain a challenge and can lead to treatment
interruption, organ-specific morbidity, and rarely death. Thyroid irAEs are among the
most frequent immune toxicity in any organ system. Aims of this thesis were to
characterize the clinical, biochemical, immune, and genetic factors involved in
development of thyroid irAEs following ICI-treatment. Despite the challenges imposed
by COVID-19, research presented within this thesis accomplished many of those aims.
Our initial work produced the most comprehensive description of thyroid irAEs to date
in a pure cohort of 1246 patients with melanoma, free from pre-existing thyroid disease,
undergoing ICI-treatment. This work reported multiple novel aspects of thyroid irAEs,
including a prevalence of >50% in patients receiving combined CTLA-4 and PD-1
checkpoint inhibition. We produced a detailed description of the kinetic changes in
thyroid function that occur following ICI-treatment, with most affected patients
experiencing a rapid onset of transient thyrotoxicosis followed by spontaneous
restoration of euthyroidism or progression to hypothyroidism. However, we also
showed that a small number of patients have delayed presentations, sometimes years
after the commencement of ICI-treatment. We identified age, sex, and baseline TSH
level as being associated with the development of a thyroid irAE and were the first to

show that the most severe presentations of thyroiditis following ICI-treatment were
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associated with major improvements in cancer related PFS and OS. As evidence of the
importance of this work, it was recognized as one of the top 10% of cited articles in the
Journal of Clinical Endocrinology and Metabolism in 2021.

A follow-up study in a subset of 122 patients prospectively examined the importance of
TPOADb and TgAb to the development of thyroid irAEs. We were the first group to
address this issue in a standardized fashion, and in so doing clarified the clinical
relevance of these biomarkers and their association with thyroid irAE susceptibility.
Furthermore, we showed that TRAB is not a key driver of thyrotoxicosis in the ICI-
setting, and that use of the inflammatory cytokine IL-6 has no value in identifying
patients at risk of thyroid irAEs, whether measured at baseline or during the initial
period of thyroid dysfunction.

As less than 50% of patients with a thyroid irAE were positive for TPOAb or TgAb at
baseline, we posited that antibodies against other thyroid antigens may be involved in
the pathogenesis of thyroid irAEs. To test this hypothesis, we optimized an animal
model previously validated to identify novel autoantibodies by indirect
immunofluorescence in patients with multiple sclerosis (248). To date, we have
successfully implemented the trans-cardiac perfusion fixation technique and harvested
thyroid glands from eight animals. Although initial perfusions failed to adequately fix
thyroid tissue, troubleshooting improved outcomes with immunohistochemical analysis
of more recently perfused thyroids demonstrating higher quality tissue suitable for IIF
testing.

During my candidature, a landmark paper was published in Nature identifying a

polymorphism in the FLT3 gene as having the largest effect on susceptibility to
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development of AITD. As we were interested in genetic determinants of thyroid irAEs
and given their many similarities to AITD occurring in the non-cancer setting, we tested
whether the same FLT3 SNP was associated with susceptibility to thyroid irAE
development. Although low allelic frequency of the variant limited the power of our
study to detect an association, we found that FLT3 rs76428106-C heterozygous patients
were 50% more likely to develop a thyroid irAE and both FLT3 rs76428106-C
homozygous patients developed a thyroid irAE. These findings suggest further study of
this variant in thyroid irAEs is warranted.

Finally, we measured circulating immune populations in ICI-treated patients with and
without thyroid irAEs. In so doing we identified a baseline immune signature that was
unique to thyroid irAEs and may have future potential as a biomarker. The results also
have mechanistic implications and suggest that immune cells of multiple lincages
contribute to the development of thyroid irAEs.

Future directions

The body of work presented in this thesis significantly advances our understanding of
thyroid irAEs as a complication of ICI-treatment. However, more work needs to be
done. Improved understanding of the mechanisms contributing to irAEs in the thyroid
and other organ systems is important to refine ICI-treatment and uncouple the anti-
tumor effects from the detrimental autoimmune/autoinflammatory side effects which
underpin irAE development. Further research has potential to improve patient
outcomes. By identification of demographic, biochemical, genetic, and immune
biomarkers of irAEs, it may be possible to stratify patients and tailor monitoring and

treatment regimens to encompass their personalized likelihood of an adverse outcome.
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In this situation, patients at highest risk of severe or permanent immune toxicity could
been offered alternative treatments or have a tailored monitoring program. Finally, and
perhaps most importantly, ICI-associated thyroid irAEs represent a novel model of
autoimmunity and further research into this entity could help to elucidate factors
promoting susceptibility to and development of thyroid autoimmunity more generally.
As one of the most prevalent autoimmune disorders in any organ system with no
currently available treatment apart from hormone replacement, the implications of such

findings are potentially practice changing.
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Background: Inhibitory antibodies against cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed cell
death-1 (PD-1) have antitumor efficacy and are now standard of care in the management of multiple cancer
subtypes. However, the use is complicated by the development of autoimmunity, which can occur in multiple
organ systems. Thyroiditis is the most common immune-related adverse event.

Summary: Immune checkpoint inhibitor (ICI)-associated thyroiditis affects over 10% of treated patients. PD-1
inhibitors are associated with greater risk of thyroid dysfunction relative to CTLA-4 inhibitors, although the
highest risk occurs with combined anti-CTLA-4 and anti-PD-1 treatment. Onset is typically rapid, within weeks
to months and both hyperthyroidism and hypothyroidism can occur. The most frequent pattern of thyroid
dysfunction is transient hyperthyroidism with evolution to hypothyroidism over four to six weeks. Most cases
are asymptomatic and resolve without dedicated treatment. There is no sex or age predominance, and predictive
risk factors have not been reliably identified. Thyroid autoantibodies are variably present and are not clearly
related to the risk or progression of thyroid dysfunction following treatment with an ICI. Observational data
suggest that development of ICI-associated thyroiditis may predict improved survival.

Conclusions: ICl-associated thyroiditis is a distinct clinical entity. Mechanisms underlying etiology remain
largely unknown. Awareness among health professionals is important to limit morbidity and avoid unnecessary
periods of untreated hypothyroidism.

Keywords: cytotoxic T lymphocyte antigen-4, programmed cell death-1, immune checkpoint, immune-related

adverse event, thyroiditis

Introduction

T ARGETED CANCER IMMUNOTHERAPY TO ENHANCE T cell
activation has revolutionized the management of cancer.
Immune checkpoint inhibitors (ICIs) are the best studied of
currently available cancer immunotherapies. In multiple
cancer types such as melanoma, non-small cell lung cancer,
renal cell cancer, and others, ICIs have become standard of
care with multiple large randomized controlled trials con-
firming benefit in terms of tumor response, progression-free
survival (PFS), and overall survival (OS) (1).

Immune checkpoint antagonists primarily enhance antitu-
mor immune responses via inhibition of the negative regula-
tory effects of cytotoxic T lymphocyte antigen-4 (CTLA-4)
and programmed cell death-1 (PD-1) pathways, although
other pathways are also under investigation (2). The CTLA-4
and PD-1 pathways are nonredundant and regulate immune
activation via unique mechanisms (2). Features of different
ICIs are presented in Table 1.

Cytotoxic T lymphocyte antigen-4

Immune responses by way of T cell activation, differen-
tiation, and proliferation are dependent on co-stimulatory
signals between the T cell and the antigen-presenting cell.
The first signal is through recognition of antigen-derived
peptides presented via major histocompatibility complex
proteins to T cell receptors on CD8+ and CD4+ positive T
cells. The second signal amplifies the effect of the first and
occurs following recognition of B7 proteins (CD80, CD86)
by CD28, also present on the T cell membrane (3).

CTLA-4 is a CD28 homolog (1,2). Both CTLA-4 and
CD28 are expressed on the cell surface of CD4+ and CD8+ T
lymphocytes. They have opposite effects on T cell activation,
and as such, CTLA-4 competes with CD28 for binding to B7
proteins expressed by antigen-presenting cells (2). Once
bound, CD28 promotes T lymphocyte activation and clonal
expansion. In contrast, CTLA-4 dampens T cell signaling and
thereby suppresses immune activation (2). The affinity of
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TABLE 1. CHARACTERISTICS AND PROPERTIES OF SINGLE-AGENT IMMUNE CHECKPOINT INHIBITORS

Ipilimumab Nivolumab Pembrolizumab
Trade name Yervoy Opdivo Keytruda
FDA approval 2011 2014 2014
Antibody target CTLA-4 PD-1 PD-1

Antibody type Recombinant human IgG1
kappa monoclonal
antibody

Molecular weight, kDa 148

Adult dosing schedules

Elimination half-life, days 15

3-10mg/kg q3 weekly x4 doses

Fully humanized IgG4 Recombinant human IgG4
kappa monoclonal kappa monoclonal
antibody antibody

146 149

240 mg q2 weekly 200 mg g3 weekly
480 mg g4 weekly

25 22

CTLA-4, cytotoxic T lymphocyte antigen-4; FDA, Food and Drug Administration; PD-1, programmed cell death-1.

CTLA-4 for B7 proteins on antigen-presenting cells is greater
than that of CD28 (2). As such, surface expression of CTLA-
4 is inducible and increases following T cell activation to
prevent uncontrolled T cell activity (2). The primary role of
CTLA-4 appears to be maintenance of central tolerance, as
evidenced by CTLA-4-knockout mice that develop systemic
immune activation and fatal multiorgan autoimmunity (4).

Programmed cell death-1

In comparison, PD-1 is a primary regulator of peripheral
tolerance and limits the activity of effector T cells at a tissue
level (2). PD-1, unlike CTLA-4, exerts its effect via interaction
with its own specific ligands, programmed cell death ligand
(PD-L)1 and PD-L2 (2). Once bound, PD-1 inhibits CD28 co-
stimulatory signaling and dampens T cell activation (5). Similar
to CTLA-4, PD-1 expression is very low in resting T lym-
phocytes of healthy individuals (5). Following T cell activation,
PD-1 surface expression is induced to limit uncontrolled pro-
liferation, effector function, and survival (5). In cancer, tumor
cells often express PD-L1, which may directly lead to T cell
inactivation and avoidance of anticancer immunity (2). As
might be expected, animal PD-1-knockout models result in a
less severe phenotype than CTLA-4 knockouts (6).

Immune-related adverse events

The improvements in cancer outcomes observed with ICIs
come with unintended off-target effects, namely new-onset
autoimmunity termed immune-related adverse events (ir-
AEs). Immune-related complications occur in up to 80% of
CTLA-4- and PD-1-treated patients (3). Antitumor efficacy is
improved with combined CTLA-4 and PD-1 blockade com-
pared with single-agent monotherapy, but the risk of irAEs
increases in tandem (3). Manifestations range from mild to
life-threatening, and the spectrum of irAEs differs between
CTLA-4 and PD-1 inhibition (7). Immune adverse effects
have been reported in multiple organ systems, with the en-
docrine system appearing particularly susceptible. Hypophy-
sitis and thyroiditis are the most common endocrine
manifestations, with the former more likely following anti-
CTLA-4 treatment and the latter with anti-PD-1-based ther-
apy (8). Endocrine irAEs are often irreversible, unlike irAEs
that occur in other organ systems. This is particularly inter-
esting in the setting of thyroid irAEs, as autoimmune
thyroiditis normally requires years to decades of immune-
mediated lymphocytic infiltration before hypothyroidism re-

sults, whereby progression to overt hypothyroidism following
ICI treatment can develop within weeks to months (9).
Thyroid dysfunction is the most common irAE following
ICI treatment. Description of thyroid irAEs across studies is
not standardized, and the true prevalence and mechanism of
this phenomenon are not well understood. Thyroiditis fol-
lowing ICI treatment provides a new model to study the origin
and pathogenesis of autoimmune thyroid disease more gen-
erally. As such, we endeavored to assess the incidence, eti-
ology clinical course, and other features of thyroid dysfunction
developing as an adverse effect of ICI-based treatment.

Methods
Search strategy

We performed a review of published articles reporting ir-
AEs affecting the thyroid in patients with advanced cancer
who underwent ICI treatment. A search of MEDLINE, Em-
base, and PubMed databases identified relevant articles
published before November 15, 2019. Additionally, we
manually reviewed references of included studies for further
literature of relevance. In PubMed, we searched keywords
“safety”” OR “‘side effects”” OR ‘‘adverse events”” AND
“ipilimumab’> OR “‘nivolumab’> OR “‘pembrolizumab’ OR
“CTLA-4” OR “PD-1"" with article type restricted to clin-
ical trial, controlled clinical trial, multicenter study, obser-
vational study, and randomized controlled trial. We searched
the same keywords in MEDLINE and Embase with results
restricted to human and English language studies.

Selection criteria included studies that (a) investigated the
use of ICIs in the treatment of cancer; (b) reported on irAEs
related to thyroid function; and (c) were published in the
English language. Phase 3 randomized trial data were as-
sessed to determine the incidence of thyroid irAEs. To further
characterize thyroid irAEs, all study types (including case
reports) that described specific effects of immune checkpoint
blockade on thyroid function were included. Exclusion cri-
teria included (a) animal studies; (b) review articles, sys-
tematic reviews, and meta-analyses; (c) editorials and letters
to the editor; and (d) phase I/II trials without a specific focus
on thyroid-related outcomes.

Study characteristics

The search strategy identified 3086 studies. Following el-
igibility assessment and removal of duplicate articles, 288
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full-text articles were selected for further assessment. Of the
articles reviewed, 78 fulfilled our inclusion and exclusion
criteria (Fig. 1). We extracted two additional articles by re-
viewing references of studies identified through our database
search. Results included 30 phase III randomized clinical
trials, which were used to calculate the incidence of thyroid
irAEs and 50 observational, cohort, and case studies that were
used to describe the clinical features of thyroid irAEs in
greater detail.

Review
Incidence

Thyroid dysfunction has been observed following treat-
ment with both CTLA-4 and PD-1 inhibitors in multiple
cancer subtypes. The mean incidence of thyroid irAEs in
phase III clinical trials is 10.8%, although rates vary widely
between different ICIs (Fig. 2).

In phase III trials of ipilimumab, a CTLA-4 inhibitor, 3863
patients with melanoma or lung cancer were treated and
thyroid dysfunction developed in 4.7% (range 2.0-10.4%) of
exposed patients (10-18). Both hyperthyroidism and hypo-
thyroidism were reported, possibly manifestations of the
same disorder detected at different phases of evolution. The
incidence of thyroid irAEs did not differ between 3 and 10 mg
doses of ipilimumab (11). Similarly, rates of thyroid irAEs

MUIR ET AL.

were not significantly increased when ipilimumab was
combined with dacarbazine, gp100, or platinum-based che-
motherapy (12-15).

Nivolumab, a PD-1 inhibitor, has been tested for treatment
of multiple cancer types, including melanoma, lung, head and
neck, gastric, and renal cancers. In phase III trials, 227 of
2566 (8.8%) patients treated with nivolumab developed
thyroid irAEs (16,18-25). As with ipilimumab, both hyper-
thyroidism and hypothyroidism were reported, and the sig-
nificant majority of cases were of mild severity. The
prevalence of thyroid irAEs ranged from 3.7% to 15.1%, with
seemingly higher rates in melanoma (11.4%) compared with
other solid organ cancers (5.5%). Interestingly, in a study of
melanoma patients treated with nivolumab after disease
progression on ipilimumab, the incidence of thyroid irAEs
was 15.1%, suggesting that sequential treatment may in-
crease risk to a similar degree as concomitant CTLA-4 and
PD-1 checkpoint blockade (20).

Pembrolizumab, a second anti-PD-1 checkpoint inhibitor,
has also been used successfully to treat multiple cancer
subtypes. Of 4445 patients treated in phase III clinical trials,
694 (15.6%) developed a thyroid irAE (17,26-35). This is
double the incidence reported with nivolumab, despite
working via inhibition of a common pathway and almost four
times as frequent as with ipilimumab. The incidence of thy-
roid irAEs ranged from 10.6% to 27.4% and similar to other

Recordsidentified through Additional records identified
database searching through other sources
(n=3086) (n=2)
h 4 A 4
Records after duplicates removed
(n=374)
Y
Records screened Records excluded
(n=2714) (n=2425)
FIG. 1. Preferred reporting
for systematic reviews and
meta-analyses (PRISMA) di-
agram.
Full-text articles excluded
I (n=209)
Full-text articles assessed - Reviewarticle —34
foreligibility » . Systematic review or
(n=289) meta-analysis— 14
- Insufficient thyroid
data presented - 60
- Lettertoeditor—-19
- Phase I/lltrials
without focus on
- thyroid outcomes — 62
Studiesincluded in - Duplicate population
qualitative synthesis or pooled analyses — 9
(n=80) - Other-11
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FIG. 2. Mean incidence of thyroid immune-related ad-
verse events in phase III randomized clinical trials of im-
mune checkpoint inhibitors for treatment of advanced
cancer.

IClISs, the risk was not dose dependent and occurred at similar
rates irrespective of the dose or dosing interval (17,30,31).
Pembrolizumab has been used in combination with dexa-
methasone for the treatment of multiple myeloma in two
studies  (36,37). Interestingly, the incidence of
pembrolizumab-induced thyroid irAEs was lower in multiple
myeloma (9.1%) than in other cancer subtypes (15.6%)
(36,37). At present, it is unclear whether coadministration of
dexamethasone with pembrolizumab may prevent thyroid
irAEs, or if another factor may be responsible for the lower
rate of irAEs observed in multiple myeloma patients.

Combination treatment with ipilimumab plus nivolumab
has been tested in melanoma, renal cell cancer, and lung
cancer with and without high mutational burden (18,24,38).
Thyroid toxicity was similar to that observed with pem-
brolizumab treatment, but greater than with ipilimumab or
nivolumab. In 1436 patients treated with combined ipilimu-
mab plus nivolumab, 230 (16.0%) developed a thyroid irAE.
Similar to ipilimumab monotherapy, the incidence of thyroid
irAEs was more common during treatment of melanoma
(24.9%) than during treatment of lung cancer (11.6%) or
renal cell cancer (15.5%).

PD-L1 inhibitors are another class of ICI in routine use for
treatment of cancer. In phase III trials of the PD-L1 inhibitor
atezolizumab, 332 of 1493 (22.2%) patients experienced a
thyroid irAE (39-42). Hypothyroidism was the reported
thyroid irAE in 75% of cases, with the remainder recorded as
hyperthyroidism. Durvalumab, a second PD-L1 inhibitor,
was also associated with a high prevalence of thyroid irAEs,
affecting 100 of 740 (13.5%) treated patients in phase III
randomized clinical trials (43,44). The ratio of hypothy-
roidism to hyperthyroidism with durvalumab was similar to
that observed with atezolizumab.

Etiology

The etiology of thyroid irAEs after immune checkpoint
blockade remains unknown. Two case reports have been
published describing histological changes observed in thy-
roid irAEs. The first was a cytology specimen in a patient who
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developed thyroiditis during combination immunotherapy
with ipilimumab and nivolumab (45). Key cytological fea-
tures were lymphocytic infiltrates admixed with necrotic
cells with a distinct absence of follicular cells (45). A second
case underwent thyroidectomy for control of thyrotoxicosis
during combined treatment with ipilimumab plus nivolumab
(46). Similar to the aforementioned case, CD8+ lymphocyte-
predominant infiltrates were observed in association with
colloid granulomas and damaged thyroid follicles (46). Ta-
ken together, these cases suggest a destructive inflammatory
thyroiditis and were histologically distinct from changes
normally associated with Graves’ disease.

Imaging of the thyroid in patients with ICI-associated
thyroid irAEs has also suggested thyroiditis as the cause of
thyroid dysfunction. Uptake scans, when performed, dem-
onstrated diffusely reduced uptake (47—49). Thyroid ultra-
sound was less sensitive and specific but demonstrated
heterogeneous echogenicity and hypervascularity, suggestive
of thyroiditis in the majority of patients scanned (50,51).
Thyroid avidity on fluorodeoxyglucose positron emission
tomography (FDG-PET) was increased at the time of ab-
normal thyroid function in 64—100% of cases, supporting an
acute hypermetabolic process (48—50). Computed tomogra-
phy (CT) is uncommonly used for assessment of the thyroid
but is the main modality used to monitor ICI treatment re-
sponse. Acute inflammatory thyromegaly on CT has been
described in two cases with a doubling—tripling of thyroid
volume occurring within three days of combined ipilimumab
plus nivolumab treatment and associated with localized neck
swelling (52). Thyromegaly in these cases resolved sponta-
neously without treatment and returned to premorbid size on
serial CT examination, also in keeping with a transient in-
flammatory process (52).

Clinical manifestations

Although the incidence of thyroid irAEs can be estimated
from clinical trials, descriptions of the presentation and
course of thyroid irAEs have been more difficult to elucidate.
Historically, clinical trials reported hypothyroidism, hyper-
thyroidism, and thyroiditis as discrete entities. However,
observational data suggest that each may represent a mani-
festation of the same process—a destructive thyroiditis
originating with a thyrotoxic phase that progresses to hypo-
thyroidism, which may or may not recover. Thyrotoxicosis
usually develops early, within three to six weeks after drug
exposure (Fig. 3) (47,53-61). The earliest recorded onset of
thyrotoxicosis was nine days after first dose, but subclinical
hyperthyroidism may be detected as early as 24 hours after
treatment initiation (59). Although the vast majority of cases
occur within weeks of the first dose, the onset of thyrotoxi-
cosis greater than one year after treatment commencement
has been reported (57).

As with other irAEs, combination treatment with ipili-
mumab plus nivolumab appeared to provoke thyrotoxicosis
earlier than with anti-PD-1 monotherapy (56). The thyrotoxic
phase was usually painless and self-limited, lasting on aver-
age between four and six weeks (54-56,58,62). In the ma-
jority of cases, thyrotoxicosis was asymptomatic, and specific
treatment with glucocorticoids or antithyroid medication was
not required. However, severe cases have been described
(63,64). As such, diagnosis often occurred incidentally
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FIG. 3. Median time to development of hyperthyroidism
following the first dose of immune checkpoint inhibitor. The
left, middle, and right lines of the boxes correspond to the
25th, 50th, and 75th percentiles, respectively. The whiskers
extend from minimum to maximum with O and * re-
presenting outlier and extreme outlier values, respectively.

during routine monitoring of thyroid function tests. Multiple
endocrine toxicities in the same patient can occur, particu-
larly with combination therapy where up to one-third of
patients who experience a thyroid irAE can develop a syn-
chronous hypophysitis or checkpoint inhibitor-associated
diabetes mellitus (57,65-69).

Following the thyrotoxic phase, a majority of cases prog-
ress to hypothyroidism, although some may recover
euthyroidism without an intervening hypothyroid period
(53-59,70). Early onset of thyrotoxicosis (within four weeks)
may predict progression to hypothyroidism, whereas delayed
onset may be less likely to be followed by an overt hypo-
thyroid phase (61). Subclinical hyperthyroidism also por-
tended a good prognosis, as when present, likelihood for
progression to overt hypothyroidism was significantly re-
duced (47,59,70,71). Similar to the thyrotoxic phase, most
cases of hypothyroidism were asymptomatic, although epi-
sodes of myxedema crisis have been reported (72,73).

Overt hypothyroidism without a preceding hyperthyroid
phase may be the first manifestation of thyroid irAEs, and the
incidence of primary hypothyroidism as the initial event
varies between 10% and 60% (53,57,60,62,71). Time to initial
onset of hypothyroidism is typically longer than that seen with
primary hyperthyroidism (Fig. 4). It is unclear whether this
represents a separate form of thyroid irAE, or if the transient
thyrotoxic phase was asymptomatic and not clinically or
biochemically detected. If overt hypothyroidism developed, it
was irreversible in a majority of cases and long-term thyroid
hormone replacement was required irrespective of whether
hypothyroidism was preceded by a thyrotoxic phase or not
(53,56,60,62,71,74,75). Subclinical hypothyroidism exhibited
greater potential for recovery and only a minority required
long-term levothyroxine (LT4) replacement (71). It is possi-
ble that milder cases may represent a nonthyroidal illness
effect secondary to generalized immune activation rather than
a true ICI-associated thyroiditis, although this remains to be
proven. The incidence and kinetics of thyroid dysfunction
after ICI treatment are summarized in Table 2.
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FIG. 4. Median time to development of hypothyroidism
following the first dose of immune checkpoint inhibitor. The
left, middle, and right lines of the boxes correspond to the
25th, 50“‘, and 75th percentiles, respectively. The whiskers
extend from minimum to maximum with O and * re-
presenting outlier and extreme outlier values, respectively.

Thyroid function monitoring

Routine monitoring of thyroid function at four to six
weekly intervals is recommended for all patients on treatment
with CTLA-4 and PD-1 inhibitors. Additional testing can be
offered to patients who develop symptoms of potential thy-
roid dysfunction (fatigue, palpitations, etc.) outside the re-
commended intervals (76).

Overt hypothyroidism is diagnosed in the setting of an el-
evated thyrotropin (TSH) and low free thyroxine (fT4) con-
centration. Central hypothyroidism must be excluded in all
patients with biochemical hypothyroidism, especially in the
setting of ipilimumab or combination immunotherapy. If
present, appropriate replacement of glucocorticoids in addition
to thyroid hormone is essential to avoid precipitation of ad-
renal crises. Subclinical hypothyroidism will usually recover
without treatment, whereas most cases of overt hypothyroid-
ism will require commencement and long-term continuation of
LT4. Hypothyroidism does not mandate ICI treatment inter-
ruption and can be continued during the investigation and
management of thyroid dysfunction (76).

Overt hyperthyroidism is characterized by suppressed TSH
and elevated T4 levels. Most episodes of thyrotoxicosis are
asymptomatic, and dedicated treatment is not required. In
symptomatic cases, temporary treatment with beta-blockers can
help to control symptoms. Thyrotoxic patients should be mon-
itored more closely (two weekly intervals) to detect early tran-
sition to hypothyroidism. When thyrotoxicosis is prolonged (>6
weeks) or if high clinical suspicion, patients should be investi-
gated for Graves’ disease with measurement of thyroid-
stimulating antibody levels (76). In most cases, ICI treatment can
be continued throughout the period of thyrotoxicosis, although
patients with grade 3 or higher toxicity should have further ICI
treatment withheld until the resolution of symptoms (76).

Pre-existing hypothyroidism

Although immune checkpoint inhibition is best recognized
as a cause of de novo thyroid dysfunction, patients with pre-
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TABLE 2. INCIDENCE AND KINETICS OF THYROID DYSFUNCTION AFTER IMMUNE CHECKPOINT INHIBITOR TREATMENT
IN PUBLISHED OBSERVATIONAL STUDIES REPORTING THYROID IMMUNE-RELATED ADVERSE EVENTS

Ipilimumab Nivolumab Pembrolizumab Ipilimumab + PD-1
(N=195) (N=612) (N=362) inhibitor (N=290)
Thyroid abnormality, n (%)
Overt hyperthyroidism — 9 (1.5) 3 (0.8) —
Overt hypothyroidism 5 (2.6) 49 (8.0) 34 (9.4) 29 (10.0)
Subclinical hyperthyroidism 20 (10.3) 7 (1.1) — 724)
Subclinical hypothyroidism 8 4.1 30 4.9) 3(0.8) —

Thyrotoxic phase preceding
hypothyroidism, n (%)

Permanent hypothyroidism, n (%)

Duration of thyrotoxic phase,
weeks median (range)

Not reported

Not reported
Not reported

31/49 (63.3)
40/49 (81.6)

25/34 (73.5) 27/29 (93.1)

31/34 (91.2)
5 (4-6)

29/29 (100.0)

7 (2-20) 6 (2-11)

N, number of patients exposed to immune checkpoint inhibitor; 7, number of patients affected.

existing hypothyroidism are also susceptible to thyroid ir-
AEs. In one study of 63 patients with abnormal thyroid
function before treatment with CTLA-4 or PD-1 blockade, 43
(70%) patients experienced an exacerbation of their thyroid
dysfunction (77). The majority developed an exacerbation of
hypothyroidism requiring an increase or commencement of
LT4. However, seven patients with established hypothy-
roidism on LT4 became thyrotoxic, mandating temporary
suspension of thyroid hormone replacement (77). Similar
findings have been reported in other studies of patients with
pre-existing autoimmune thyroid disease, highlighting the
need for surveillance of thyroid function in all patients re-
ceiving ICIs, even in those with long established hypothy-
roidism (78-82).

Risk factors

The etiology of irAEs is unknown, and it remains unclear
why immune toxicity develops in some patients and not in
others. Thyroid irAEs are among the most common and often
result in permanent hypothyroidism requiring long-term
thyroid hormone replacement. Onset is difficult to predict,
and reliable predictors of thyroid irAEs have yet to be iden-
tified. The role of antithyroid antibodies has received the
most interest, but results have been inconsistent and do not
reliably predict the development or onset of thyroid irAEs.

In a Japanese study of 200 consecutive patients treated
with nivolumab, age, sex, and baseline TSH values were not
predictive of overt thyroid dysfunction (61). However, in one
study, thyroid avidity on FDG-PET (before nivolumab
treatment) significantly increased risk for development of
thyroid irAEs. Positive thyroid uptake increased risk by
greater than 14 times relative to those without thyroid uptake
on a baseline FDG-PET (61). A second study of 99 patients
treated with anti-PD-1 or combined CTLA-4 and PD-1 in-
hibitors also found no relationship between age or sex and
risk of thyroid irAEs (70). However, unlike the Japanese
study, they did find a significant relationship between base-
line TSH concentration and risk of overt thyroid dysfunction
(70). The mean TSH in subjects whom developed overt
thyroid dysfunction measured 2.72 mIU/L compared with
1.97 mIU/L in those who did not. Based on these data, a
baseline TSH >2.19 mIU/L was 76% specific and 53% sen-
sitive for detection of overt thyroid irAEs (70).

Antithyroid antibodies

The significance of thyroid peroxidase (TPOADb) and thy-
roglobulin (TgAb) antibodies in the pathogenesis of thyroid
irAEs is unknown, and their significance in the risk of thyroid
irAEs remains controversial. Several studies have reported a
low frequency (<30%) of positive TPOAb and TgAb in as-
sociation with thyroid irAEs (51,53,62,83). Others have re-
ported increased prevalence of antithyroid antibodies in cases
of thyroid irAEs relative to controls unaffected by thyroid
dysfunction (58,84-86). This begs the question of whether
immune checkpoint blockade is simply unmasking pre-
existing subclinical Hashimoto’s thyroiditis, which then
progresses in an accelerated manner versus a de novo process
directly related to treatment with anti-CTLA-4 and/or anti-
PD-1 medicines. One study supports the latter and describes
the onset of new TPOAb and TgAb positivity during the
thyrotoxic phase of thyroid irAEs in patients who were an-
tibody negative at baseline (58). In another, the presence of a
TgAb at baseline provoked thyroid irAEs earlier than in
TgAb-negative patients, and higher titers of TgAb further
decreased the time to onset of thyroid dysfunction (85).
Multiple other studies have not found a relationship between
antithyroid antibody status and the evolution timeline of
thyroiditis (56,62).

During assessment of hyperthyroidism related to anti-
CTLA-4 and/or anti-PD-1 treatment, thyroid receptor anti-
body levels are typically not elevated (87). However, there
have been several case reports of Graves’ disease occurring in
patients undergoing immune checkpoint blockade and two
cases of euthyroid ophthalmopathy (49,87-89).

Prognostic significance

Drug toxicity following anticancer treatment with
interleukin-2 and tyrosine kinase inhibitors directed against
the epidermal growth factor receptor is well known to cor-
relate with tumor response and patient survival. There has
been great interest in whether the same relationship between
toxicity and response exists in the setting of irAEs following
ICI treatment. Several studies suggest that this may be the
case and have reported benefits in PFS and OS following anti-
PD-1 treatment with development of irAEs (90,91). How-
ever, such results are inherently confounded by immortal
time bias and no strong evidence yet supports a strong
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relationship between toxicity and cancer prognosis. The
presence of multiple irAEs has also been shown to improve
PFS and OS relative to patients with one or no irAEs (90).
Organ-specific autoimmunity has also been studied, partic-
ularly dermatologic irAEs in melanoma patients treated with
nivolumab and pembrolizumab, where there is an association
with improved PFS and OS (90,92,93).

Given that thyroid irAEs are among the most common
adverse effects following anti-PD-1 treatment, several stud-
ies have examined the relationship between thyroid dys-
function and clinical outcomes. Although confined to
observational studies, PFS and OS were improved following
the occurrence of a thyroid irAE. (58,61,91,94-96). In two
studies, where thyroid irAEs were subdivided into overt and
subclinical, overt thyroid dysfunction showed a trend toward
improved outcomes compared with when only subclinical
disease was present, suggesting that not only the presence of a
thyroid irAE but also the severity may be important in the
relationship between irAEs and clinical response (61,94).
Thyroiditis following blockade of PD-L1 with atezolizumab
or avelumab has also been reported to improve OS in cancer
patients in one study (97). No studies have yet reported on the
prognostic significance of thyroid irAEs following anti-
CTLA-4 or combined CTLA-4 and PD-1 inhibitor treatment.

Outstanding questions

Continued research is necessary to improve our under-
standing of autoimmune thyroid disease following immune
checkpoint inhibition. The etiology of thyroid irAEs remains
unclear. Clinical manifestations are heterogeneous, and it is
not possible to predict who will develop thyroid irAEs and
whether they will progress to permanent hypothyroidism
requiring long-term thyroid hormone replacement. Our view
is that heterogeneity of thyroid irAEs probably reflects that
thyroid dysfunction arises due to multiple mechanisms in-
cluding de novo thyroiditis, activation of underlying sub-
clinical Hashimoto’s thyroiditis, and others. The role of
thyroid autoantibodies is particularly intriguing, as they oc-
cur at higher frequency in thyroid irAEs than in euthyroid
cancer patients. However, most studies have not found a
causative association, and antibody positivity does not fully
explain susceptibility. Whether, as yet, unidentified anti-
bodies directed against the thyroid exist has not been studied.
Subclinical thyroid dysfunction is probably underreported,
making the true incidence of thyroid irAEs unknown. Pro-
spective collection of thyroid function tests at frequent and
regular intervals could help to clarify the true incidence of
thyroid irAEs and risk of progression to permanent hypo-
thyroidism. Finally, trials combining ICIs with other immu-
nomodulatory therapies are ongoing. The effect of
multimodal immune treatment on the risk and pattern of
thyroid irAEs, and irAEs generally, is yet to be determined.

Conclusions

Inhibition of CTLA-4 and PD-1 immune checkpoints has
dramatically enhanced the treatment of advanced cancer.
However, treatment is associated with irAEs, of which thy-
roid dysfunction is the most common. Combined treatment
with ipilimumab and nivolumab generally results in earlier
onset and potentially more severe dysfunction. Most cases
are mild and self-limited. Progression to permanent hypo-

MUIR ET AL.

thyroidism can occur, and awareness among medical pro-
fessionals is important to limit morbidity associated with
untreated thyroid dysfunction.
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Immune checkpoints are small molecules present on the cell surface of T-lymphocytes.
They maintain self-tolerance and regulate the amplitude and duration of T-cell responses.
Antagonism of immune checkpoints with monoclonal antibodies (immune checkpoint
inhibitors) is a rapidly evolving field of anti-cancer immunotherapy and has become
standard of care in management of many cancer subtypes. Immune checkpoint
inhibition is an effective cancer treatment but can precipitate immune related adverse
events (irAEs). Thyroid dysfunction is the most common endocrine irAE and can occur in
up to 40% of treated patients. Both thyrotoxicosis and hypothyroidism occur. The clinical
presentation and demographic associations of thyrotoxicosis compared to
hypothyroidism suggest unique entities with different etiologies. Thyroid irAEs,
particularly overt thyrotoxicosis, are associated with increased immune toxicity in other
organ systems, but also with longer progression-free and overall survival. Polygenic risk
scores using susceptibility loci associated with autoimmune thyroiditis predict
development of checkpoint inhibitor associated iIrAEs, suggesting potentially shared
mechanisms underpinning their development. Our review will provide an up-to-date
summary of knowledge in the field of thyroid irAEs. Major focus will be directed toward
pathogenesis (including genetic factors shared with autoimmune thyroid disease),
demographic associations, clinical presentation and course, treatment, and the
relationship with cancer outcomes.

Keywords: immune related adverse events, checkpoint inhibitor, thyrotoxicosis, hypothyroidism, thyroid

INTRODUCTION

Immune checkpoint inhibitors (ICIs) are a rapidly expanding class of medications. At present, over
2000 clinical trials have been completed or are in progress to evaluate more than 30 different ICIs
(1). The main immune checkpoint targets are cytotoxic T-lymphocyte antigen-4 (CTLA-4) and
programmed cell death protein-1 (PD-1) or its ligand programmed cell death ligand-1 (PD-L1). The
introduction of ICIs into cancer treatment algorithms has been transformative and durable
responses are now possible in patients with previously limited therapeutic options. However,
immune activation following ICI-treatment is associated with off target effects known as immune
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related adverse events (irAEs) (2). Any organ system may be
affected and thyroid dysfunction is one of the most common ICI-
related toxicities (3).

IMMUNE CHECKPOINT PHYSIOLOGY

Immune checkpoints are small molecules present on the cell
surface of T-lymphocytes (4). Normally, T-cell activation
induces immune checkpoint expression to limit the amplitude
and duration of immune responses (4). Immune checkpoints are
pivotal to regulate the immune response and prevent
inappropriate immune activation, such as occurs in autoimmune
disease (4). However, in some situations, immune checkpoints can
be counterproductive, such as malignant tumors which activate
immune checkpoints to evade immune mediated tumor lysis (3).
Monoclonal antibodies antagonizing CTLA-4, PD-1, and other
immune checkpoints have been developed to counteract such
tumor evasion strategies and stimulate anti-tumor immune
responses (4). These agents convey significant therapeutic
benefit but are associated with wide ranging irAEs (2-4).

IMMUNE RELATED ADVERSE EVENTS

The etiology of irAEs is yet to be fully elucidated. Potential
mechanisms include activation of polyclonal T-cell populations,
loss of regulatory T-cell function, and expansion/activation of
self-reactive, antigen-specific T-cells (5). Irrespective of
mechanism, ICI-associated irAEs are common, affecting up to
76% of treated patients (3). Any organ system can be affected,
although there are distinct pharmacological class-specific
differences between ICIs targeting CTLA-4 and those targeting
PD-1 (3). Endocrine organs are commonly affected, with thyroid
dysfunction, hypophysitis, insulin deficient diabetes, primary
adrenal insufficiency, and hypoparathyroidism all reported
following ICI-treatment (2, 6). In this review we will highlight
the key features of thyroid irAEs and how our understanding of
thyroid irAEs has informed our understanding of autoimmune
thyroid disease more generally.

THYROID IMMUNE RELATED ADVERSE
EVENTS

Epidemiology

Thyroid irAEs are the most common endocrine toxicity related
to ICI-treatment (6). From clinical trial data, over 10% of
patients treated with ICIs develop a thyroid irAE (7). Higher
rates are observed following treatment with PD-1 inhibitors
relative to CTLA-4 inhibitors, with the highest rates following
combined anti-PD-1 and anti-CTLA-4 treatment (7).
Observational studies typically report higher rates of thyroid
irAEs, usually due to inclusion of subclinical thyroid dysfunction
that may be overlooked in clinical trials adverse events reporting
(8-11). In the two largest observational studies of thyroid irAEs

to date, 42-53% experienced an ICI-associated thyroid irAE
(Table 1) (11, 12). Thyroid dysfunction was most common
following combined anti-PD-1 and anti-CTLA-4 treatment
(56%) and less frequent following anti-PD-1 (38%) and anti-
CTLA-4 (25%) monotherapy (11).

Clinical Manifestations

Thyroid irAEs are typically identified incidentally during routine
monitoring of thyroid function as part of ICI-treatment
protocols (7). Most thyroid irAEs present as a painless
thyroiditis with transient thyrotoxicosis (6, 7, 11, 13). In
patients with more severe (ie. biochemically overt)
thyrotoxicosis, a hypothyroid phase often follows the initial
thyrotoxicosis and over 40% of these patients will develop
permanent hypothyroidism requiring thyroid hormone
replacement (11). A smaller number of patients can present
with primary hypothyroidism without a preceding
thyrotoxic phase.

Onset of thyrotoxicosis usually occurs within 3 months of first
ICI-exposure (6, 7). Overt and subclinical thyrotoxicosis have
phenotypic differences in their presentation and disease
associations. Onset of overt thyrotoxicosis typically occurs
earlier and persists longer than subclinical cases (11). Overt
thyrotoxicosis has also been associated with higher baseline levels
of anti-thyroid antibodies which increase during ICI-inhibitor
treatment (14). Treatment related changes in antibody titer have
not been observed in other subtypes of thyroid irAE (14).
Patients who develop overt thyrotoxicosis are more likely to
develop severe irAEs and to experience two or more irAEs in
extra-thyroidal organ systems (11).

Isolated hypothyroidism without a preceding thyrotoxic
phase can occur. Most cases of isolated hypothyroidism are
biochemically subclinical and may be related to non-ICI
factors such as non-thyroidal illness syndrome. Subclinical
hypothyroidism without a preceding thyrotoxic phase typically
normalizes spontaneously without need for thyroid hormone
replacement (11, 15). Overt hypothyroidism can have a
late-onset months to years after starting ICI-treatment (7). In
contrast with subclinical hypothyroidism, overt hypothyroidism
is usually permanent and lifelong treatment with thyroxine is
required in most cases (6, 7, 11).

Risk Factors and Disease Associations

Identification of reliable thyroid irAE risk factors has been
elusive. To date, no reliable risk factors of thyroid irAEs have
been identified, although clinical and biochemical associations
have been documented in retrospective cohort studies (7).
Female sex was associated with thyroid irAEs in the two
largest studies to date (Table 1), although to a lesser degree
than the roughly 8:1 female preponderance observed in
autoimmune thyroid disease developing outside of the ICI-
treatment setting (11, 12). Prevalence of baseline TPOAb and
TgAb positivity is higher in patients who develop a thyroid irAE
compared to those who do not (11, 16). Anti-thyroid antibody
positivity is particularly associated with overt thyroid
dysfunction (11, 16) and titers of TPOAb and TgAb can
increase significantly during ICI-treatment in patients that
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TABLE 1 | Summary of findings from the two largest studies of thyroid irAEs.

Study

Number of patients

ICI-therapy; n (%)
CTLA-4

PD-1/PD-L1

CTLA-4 + PD-1
Cancer type; n (%)
Melanoma

Lung

Kidney

Other

Patients developing a
thyroid irAE; n (%)
Thyroid irAE subtype; n (%)

Patients progressing to
hypothyroidism following an
initial thyrotoxic phase; n (%)
Patients developing
permanent hypothyroidism
requiring initiation of thyroid
hormone replacement; n (%)
Thyroid irAE kinetics;
median (IQR)

Patients with positive anti-
TPO and anti-Tg
antibodies

Patient and disease
characteristics associated
with development of
thyroid irAEs

Effect of thyroid irAE on
cancer survival

Muir et al. (11)

1246
All patients had normal TSH prior to ICI-treatment
and were free from pre-existing thyroid disease

165 (13)
705 (57)
376 (30)

1246 (100)

518 (42)

Subclinical thyrotoxicosis n=234 (19); overt
thyrotoxicosis n=154 (12); subclinical
hypothyroidism without preceding thyrotoxicosis
n=61 (5); overt hypothyroidism without preceding
thyrotoxicosis n=39 (3)

20/234 (9%) of patients with subclinical
thyrotoxicosis; 91/154 (59%) of patients with
overt thyrotoxicosis

n=7 (3) patients with subclinical thyrotoxicosis;
n=66 (43) patients with overt thyrotoxicosis; n=0
(0) patients with subclinical hypothyroidism; n=29
(74) patients with overt hypothyroidism

Time to onset: subclinical thyrotoxicosis — 8 wks
(4-14); overt thyrotoxicosis — 5 wks (2-8);
subclinical hypothyroidism — 10 wks (3-27); overt
hypothyroidism — 14 wks (8-25)

Time to restoration of euthyroidism:
subclinical thyrotoxicosis — 4 wks (1-8); overt
thyrotoxicosis — 12 wks (7-24); subclinical
hypothyroidism — 3 wks (1-8); overt
hypothyroidism — 10 wks (1-24)

TPOADb was positive at baseline in 27/163 (17%)
patients; 27/27 patients with TPOAb developed a
thyroid irAE

TgAb was positive at baseline in 42/163 (26%)
patients; 41/42 patients with TgAb developed a
thyroid iIrAE

22 of the above patients were positive for both
TPOADb and TgAb

Female sex, younger age, absence of brain
metastases, combined CTLA-4 + PD-1 ICI-
treatment

Overt thyrotoxicosis was uniquely associated
with the development of extra-thyroidal, multi-
system, and severe irAEs which were not
associated with other thyroid IrAE subtypes
Presence of any thyroid irAE (all subtypes) was
not associated with a benefit in OS or PFS
However, the thyroid irAE subtype of overt
thyrotoxicosis was associated with significant
improvement in OS (HR 0.57, 95% Cl 0.39-0.84)
and PFS (HR 0.68, 95% Cl 0.49-0.94)
Improvements in OS and PFS were not present with
other subtypes of thyroid irAE when tested
individually

Von Itzstein et al. (12)

1781

Many included patients had pre-existing thyroid disease prior to ICI-treatment
(381 patients had abnormal TSH at baseline and 166 were receiving thyroxine; an
additional 202 patients with normal TSH at baseline were also receiving thyroxine
prior to ICI-treatment)

56 (3)
1445 (81)
280 (16)

TSH became elevated post ICl-treatment n=492 (30); TSH became low post ICI-
treatment n=204 (13); TSH became both elevated and low post ICI-treatment
n=167 (10)

Not reported

n=267 (15) new patients required thyroxine in addition to thyroxin continuation for
the n=368 (21) patients already receiving thyroxine at baseline

Not reported

Not reported

Female sex, Caucasian ethnicity, primary kidney malignancy*, combined CTLA-4 +
PD-1 ICl-treatment

Survival was improved in patients with a thyroid irAE relative to those without
(median OS 43 mths vs 26 mths); The highest OS was in patients with a normal
TSH at baseline and an abnormal TSH after ICI-treatment (41 mths); The lowest OS
was in patients with an abnormal TSH at baseline and a normal TSH during ICI-
treatment (12 mths)

In multivariate analyses, abnormal TSH prior to ICI-treatment was associated with
worse survival (HR 1.62, 95% Cl 1.30-2.02); initiation of thyroxine after ICl-treatment
was associated with improved survival (HR 0.62, 95% Cl 0.44-0.88)

IrAE, immune related adverse event; TSH, thyroid stimulating hormone; ICI, immune checkpoint inhibitor; CTLA-4, cytotoxic T-lymphocyte antigen-4; PD-1, programmed cell death protein-1;
PD-L1, programmed cell death ligand-1; IQR, interquartile range; TPOADb, thyroid peroxidase antibody; TgAb, thyroglobulin antibody; OS, overall survival; PFS, progression free survival.
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develop overt thyrotoxicosis, which is not observed in patients
with other subtypes of thyroid irAE (14). A complete list of
demographic and biochemical factors that have been associated
with development of thyroid irAEs are summarized in Table 2.

Pathophysiology

The etiology and biological drivers of irAEs remain elusive. It is
possible that patients who experience irAEs may share a
premorbid immunological state prior to ICI-initiation. A
recent study using mass cytometry time of flight analysis
identified higher levels of activated CD4+ memory T-cells and
increased diversity in the T-cell receptor as pretreatment
predictors of severe irAEs irrespective of the organ involved
(20). These same factors also occurred with higher frequency in
non-ICI treated patients with autoimmune disease relative to
healthy controls, suggesting that irAEs may result from
unmasking a latent or subclinical autoimmune process which
predates ICI-initiation (20).

Traditionally, thyroid irAEs were thought to be a single entity
spanning a spectrum of disease including isolated mild
(asymptomatic or minimally symptomatic) thyrotoxicosis to
biphasic thyroiditis to isolated overt and severe hypothyroidism.
This indeed may be the case, although more likely thyroid irAEs
arise via multiple mechanisms as evidenced by phenotypic
differences in presentation, antithyroid antibody positivity rates,
and differential association with cancer survival outcomes (11).

Genetic factors associated with lifetime risk of autoimmune
thyroid disease have been implicated in the risk of developing
thyroid irAEs during ICI-treatment (21, 22). Key loci have been
implicated from genes regulating the immune response such as
CD69 (T-cell activation), LPP (B-cell maturation), CTLA-4 (T-
cell priming) and PTPN22 (T-cell and B-cell receptor signaling).
When these genes and others are combined into a polygenic risk
score they can identify subgroups of patients at >6-fold increased
risk of thyroid irAEs and identify patients at a lower risk of
cancer death (21).

The PD-1/PD-L1 axis is significantly implicated in
autoimmune thyroid disease (23). Patients with autoimmune
thyroiditis and Graves’ disease experience a moderate increase in
circulating PD-1 positive T-cells and marked increase in

TABLE 2 | Demographic and biochemical factors associated with development
of thyroid irAEs.

Female sex (11, 12)

Younger age (11)

Caucasian ethnicity (12)

Combined CTLA-4 + PD-1 treatment (11, 12)

Longer duration of anti-PD-1 treatment (16)

Higher body mass index (17)

Renal cell carcinoma* (12)

Baseline TSH (8, 16-18)

Baseline TPOAD positivity; treatment related increase in TPOAD titer (14, 16, 19)
Baseline TgAb positivity; treatment related increase in TPOAD titer (14, 16, 18, 19)

CTLA-4, cytotoxic T-lymphocyte antigen-4; PD-1, programmed cell death protein-1; TSH,
thyroid stimulating hormone; TPOAb, thyroid peroxidase antibody; TgAb, thyroglobulin
antibodly; *Likely confounded by concomitant use of tyrosine kinase inhibitors in combination
with [Cls.

intrathyroidal PD-1 positive T-cells (23). Thyroid follicular
cells also show high levels of PD-L1 expression, whereas
multinodular goiter (non-autoimmune thyroid disease) has
negligible basal expression of PD-L1 (23). The presence of high
PD-L1 expression in autoimmune thyroid disease may explain
why most cases are slowly progressive, as the immune
stimulating effects of intrathyroidal PD-1 positive T-cells are
kept in check. PD-1 positive lymphocytes and PD-L1 expression
are similarly increased following ICI-treatment. However,
different to autoimmune thyroid disease, blockade of the PD-1/
PD-L1 axis blunts the protection against progressive immune
mediated destruction via and therefore thyroid dysfunction is
more rapidly progressive following ICI-treatment than in other
autoimmune thyroid conditions (23, 24).

Management

Screening

Thyroid function should be measured at baseline and repeated at
6-weekly intervals following commencement of ICI-treatment in
asymptomatic patients. Additional measures of TSH and FT4
can be undertaken for case detection in patients that develop
signs or symptoms of thyroid dysfunction outside this window
(25). Most cases of clinically significant thyroid dysfunction will
occur within 6-months of ICI-commencement (7). Therefore,
monitoring frequency can be relaxed after the 6-month mark
although continued periodic monitoring (3-6 monthly) to detect
late onset cases is recommended.

Diagnosis

As most cases of thyroid irAE are asymptomatic, diagnosis is
most commonly via thyroid function monitoring in
asymptomatic patients (7). Thyrotoxicosis is diagnosed in the
setting of a low TSH with a normal or elevated FT4.
Thyrotoxicosis often occurs as the initial phase of a biphasic
thyroiditis and is followed by progression to hypothyroidism
(elevated TSH, low FT4). More rarely, isolated hypothyroidism
without a preceding thyrotoxic phase can occur. Unlike
thyrotoxicosis, isolated hypothyroidism may present months to
years after initiation of ICI-treatment. Special attention should
be paid to the finding of an inappropriately low TSH in
combination with a low or low-normal FT4. This pattern of
results should alert the clinician to the possibility of hypophysitis,
particularly in the setting of a CTLA-4 inhibitor. When
hypophysitis (central hypothyroidism) is suspected, the
remaining pituitary hormone axes should be interrogated
urgently to exclude cortisol and other hormone deficiencies
prior to initiation of thyroid hormone replacement.

Treatment

For asymptomatic or minimally symptomatic thyrotoxicosis,
treatment is usually not required. Temporary use of beta
blockers such as propranolol may be considered in
symptomatic patients. ICI-treatment can be continued, and
most cases will resolve spontaneously within days to weeks.
Thyrotoxicosis lasting longer than 6-weeks or with additional
features (goiter, thyroid bruit, exophthalmos) should have TSH-
receptor antibody level (TRAB) measured to exclude Graves’
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disease (25). In severe or atypical presentations, imaging with a
thyroid uptake scan can also be performed to differentiate
between ICI-mediated thyroiditis and other etiologies of
thyrotoxicosis. Thyrotoxicosis with marked symptoms or life-
threatening complications is rare and necessitates suspension of
ICI-treatment to allow for prompt investigation and specialist led
treatment (25). Following identification of thyrotoxicosis, TSH
and FT4 should be monitored every 2-3 weeks until recovery of
normal thyroid function, as many patients will experience a
biphasic illness which progresses to hypothyroidism. Regular
monitoring allows early detection of hypothyroidism, which does
not recover in the majority of cases (11). In the setting of overt
hypothyroidism, treatment with thyroxine can be initiated,
particularly when the TSH is >10 mIU/L, as recovery is highly
unlikely in this setting (11). Alternatively, TSH and FT4 can be
repeated after 4-6 weeks and if hypothyroidism persists,
treatment can be initiated at that point (25). Thyroxine doses
are typically higher for patients with ICI-mediated
hypothyroidism than for Hashimoto’s thyroiditis, suggesting
that gland destruction is complete in most cases of ICI-
mediated thyroiditis whereas it is slowly progressive with some
residual production of endogenous thyroid hormone in patients
with Hashimoto’s thyroiditis (26). A simplified algorithm for the
classification and management of thyroid irAEs is presented
in Figure 1.

Special Situations

Pre-existing Hypothyroidism

Patients with established hypothyroidism may experience
transient effects on thyroid function following ICI-treatment
(7). Compensated hypothyroidism can be exacerbated
requiring initiation or increased doses of thyroxine. More
rarely, patients with hypothyroidism may paradoxically

experience a transient period of thyrotoxicosis requiring
temporary suspension of thyroid hormone (27).

Graves’ Disease and Thyroid Eye Disease

Graves’ disease (GD) has been reported following ICI-treatment
(6). Whether it occurs de novo related to ICI-treatment, is
unmasked by ICI-treatment, or is a coincidental occurrence
remains unknown. Similarly, thyroid eye disease (TED) has
been reported (28). Reactivation or progression of GD and
TED is possible following initiation of ICI-treatment and in
patients with known GD or TED, close consultation with an
experienced endocrinologist and ophthalmologist is important
for early identification and treatment.

Prognostic Implications

Observational studies repeatedly document an association
between irAEs and improvement in cancer outcomes (29, 30).
Owing to the frequency of thyroid irAEs, they are among the
most well studied and strongly associated with improvement in
progression free survival (PFS) and overall survival (OS) (31-33).
Reported benefits are large with robust hazard ratios that are
maintained following correction for immortal time bias (31, 34).
However, emerging data suggest thyroid irAE subtypes are not
equivalent in their association with cancer outcomes. When
thyroid irAEs are classified by severity, biochemically overt
thyroid dysfunction is more strongly associated with improved
PES and OS than subclinical thyroid dysfunction (11, 35, 36).
Our previous work suggests this may be limited to overt
thyrotoxicosis, as no survival benefit was observed in patients
with overt hypothyroidism without a preceding thyrotoxic phase
(11). Permanent thyroid dysfunction requiring initiation of
thyroid hormone replacement has also been associated with
improved cancer outcomes (12, 37). However, an ultimate
requirement for thyroxine may have been a surrogate marker
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hyperthyroidism

Subclinical
hypothyroidism
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Monitor thyroid function closely for
progression to hypothyroidism; consider
TREATMENT beta-blockade with propranolol in

Repeat thyroid
function after 6-weeks
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FIGURE 1 | Algorithm for classification and management of thyroid irAE subtypes. *When overt thyrotoxicosis is prolonged or severe, additional investigation with TSH
receptor antibody (TRAB) and a thyroid uptake scan should be considered to exclude other etiologies of thyrotoxicosis (ie. Graves’ disease, toxic adenoma, etc).
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for a preceding phase of overt thyrotoxicosis rather than a
beneficial prognostic factor in of itself. The significance of
antithyroid antibodies on cancer outcomes following ICI-
treatment is unknown and current data has conflicting results
(35, 38). Given the high prevalence of anti-thyroid antibodies in
patients who develop overt thyrotoxicosis, an association is likely
and prospective study into potential utility as a predictive
biomarker is warranted (14).

Interestingly, abnormal TSH level (elevated or low) prior to
initiation of ICI-treatment has been associated with inferior
cancer outcomes irrespective of thyroid function changes post-
ICI initiation in one study (12). However, these results may have
been confounded as significantly more patients with abnormal
baseline TSH were receiving tyrosine kinase inhibitor treatment
for metastatic renal cell cancer, which is known to significantly
affect thyroid function (12). Abnormal TSH prior to ICI-
treatment may also be a function of sicker patients displaying
the non-thyroidal illness syndrome. Therefore, at present it is not
known whether baseline thyroid function is truly associated with
worse outcomes or if it simply reflects patients with a more
aggressive cancer or a physiologic response to chronic illness in a
less well patient at commencement of ICI-treatment.

FUTURE DIRECTIONS

Further research is required to better inform our understanding
of thyroid irAEs and their relationship to thyroid autoimmune
conditions occurring outside the cancer immunotherapy
setting. Enhanced characterization of the immune phenotype
and T-cell subsets driving thyroid irAEs may allow for
identification of patients at risk of thyroid (and other) irAEs
and inform future research to uncouple the efficacy of ICIs from
the risk of developing treatment related irAEs. Understanding
the effects of immune checkpoint inhibition on the thyroid
gland could also inform use of these agents for treatment of
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Abstract

Context: Thyroid dysfunction occurs commonly following immune checkpoint inhibition.
The etiology of thyroid immune-related adverse events (irAEs) remains unclear and
clinical presentation can be variable.

Objective: This study sought to define thyroid irAEs following immune checkpoint
inhibitor (ICl) treatment and describe their clinical and biochemical associations.
Methods: We performed a retrospective cohort study of thyroid dysfunction in
patients with melanoma undergoing cytotoxic T-lymphocyte antigen-4 (CTLA-4) and/or
programmed cell death protein-1 (PD-1) based ICI treatment from November 1, 2009, to
December 31, 2019. Thyroid function was measured at baseline and at regular intervals
following the start of ICl treatment. Clinical and biochemical features were evaluated for
associations with ICl-associated thyroid irAEs. The prevalence of thyroid autoantibodies
and the effect of thyroid irAEs on survival were analyzed.
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Results: A total of 1246 patients were included with a median follow-up of 11.3 months.
Five hundred and eighteen (42%) patients developed an ICl-associated thyroid irAE.
Subclinical thyrotoxicosis (n = 234) was the most common thyroid irAE, followed by overt
thyrotoxicosis (n = 154), subclinical hypothyroidism (n =61), and overt hypothyroidism
(n =39). Onset of overt thyrotoxicosis occurred a median of 5 weeks (interquartile range
[IQR] 2-8) after receipt of a first dose of ICl. Combination immunotherapy was strongly
associated with development of overt thyrotoxicosis (odds ratio [OR] 10.8,95% Cl 4.51-25.6
vs CTLA-4 monotherapy; P<.001), as was female sex (OR 2.02, 95% CI 1.37-2.95; P< .001)
and younger age (OR 0.83 per 10 years, 95% Cl 0.72-0.95; P=.007). By comparison,
median onset of overt hypothyroidism was 14 weeks (IQR 8-25). The frequency of overt
hypothyroidism did not differ between different ICI types. The strongest associations for
hypothyroidism were higher baseline thyroid-stimulating hormone (OR 2.33 per mIU/L,
95% Cl 1.61-3.33; P<.001) and female sex (OR 3.31, 95% CI 1.67-6.56; P=.01). Overt
thyrotoxicosis was associated with longer progression free survival (hazard ratio [HR]
0.68, 95% CIl 0.49-0.94; P=.02) and overall survival (HR 0.57, 95% CIl 0.39-0.84; P=.005).
There was no association between hypothyroidism and cancer outcomes.

Conclusion: Thyroid irAEs are common and there are multiple distinct phenotypes.
Different thyroid irAE subtypes have unique clinical and biochemical associations,
suggesting potentially distinct etiologies for thyrotoxicosis and hypothyroidism arising
in this context.

Key Words: Hyperthyroidism, hypothyroidism, thyroiditis, immune-related adverse event, immune checkpoint

inhibitor

Immune checkpoint inhibitors (ICIs) are the standard of
care in the management of melanoma and many other
cancer types (1). Through antagonism of the cytotoxic
T-lymphocyte antigen-4 (CTLA-4) and programmed cell
death protein-1 (PD-1) pathways, ICIs increase T-cell activa-
tion and anticancer immune responses (2). Enhancements in
antitumor immunity related to ICI treatment have improved
patient survival, but are associated with wide-ranging
immune-related adverse events (irAEs) (3, 4). Thyroid dys-
function is the most commonly occurring endocrine irAE,
affecting more than 10% of exposed patients (5). PD-1 in-
hibitors are associated with higher rates of thyroid dysfunc-
tion relative to CTLA-4 inhibitors, with the highest rates
observed in patients undergoing combination treatment
with both anti-CTLA-4 and anti-PD-1 ICIs (35).

The etiology of thyroid irAEs has generally been as-
sumed to be secondary to destructive, immune-mediated
thyroiditis. However, onset of thyroid dysfunction is highly
variable and not all patients develop the classic thyroiditis-
like presentation of transient thyrotoxicosis followed
by a hypothyroid phase (5). Isolated thyrotoxicosis and
hypothyroidism have both been reported, as well as sub-
clinical disease that is often short-lived and transient (35).
Some studies have reported thyroid irAEs to be associated
with improvements in progression-free survival (PFS) and
overall survival (OS) (6-9). Thyroid autoantibody positivity

rates vary widely between studies with prevalence rates of
17% to 100% reported (10-14). Low-level thyroid anti-
body positivity has been associated with improvement in
PFS and OS; however, the role of antithyroid antibodies
in the pathogenesis and susceptibility to thyroid irAEs re-
mains unknown (5, 15).

Given the heterogeneity and lack of large studies exam-
ining thyroid dysfunction following ICI treatment, the aim
of the present study was to comprehensively characterize
thyroid irAEs in a large cohort of patients with advanced
or metastatic melanoma.

Materials and Methods
Study Design and Participants

We reviewed outcomes in a cohort of adult patients under-
going ICI treatment for advanced or metastatic melanoma
between November 1, 2009, and December 31, 20109.
Demographic, treatment, and cancer outcome informa-
tion was extracted from a prospectively maintained cen-
tral database. Measurement of serum thyroid-stimulating
hormone (TSH) was performed in all subjects prior to
commencement of immunotherapy and thyroid function
was repeated at subsequent ICI doses every 3 to 4 weeks
during the first 6 months of follow-up. In patients with
documented thyroid dysfunction or symptoms of thyroid
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dysfunction, testing was performed at increased frequency
on an individualized basis. After the first 6 months of ICI
treatment, the testing interval was extended to every 6 to
8 weeks and then to every 12 weeks after 1 year. Patients
with normal thyroid function at baseline and at least 1 fur-
ther measurement of thyroid function following the first
dose of ICI were included. Patients with pre-existing thy-
roid disease (defined as abnormal thyroid function at base-
line or treatment with thyroxine at baseline and patients
who developed hypophysitis with central hypothyroidism
were excluded.

Definitions

Thyroid irAEs were defined by detection of new thyroid
dysfunction developing after treatment with an ICI and
were subcategorized by the biochemical pattern of thyroid
dysfunction. Overt thyrotoxicosis was defined by a TSH
level below the lower reference interval with concomi-
tant elevation of free thyroxine (FT4) above the upper
reference interval. Subclinical thyrotoxicosis was defined
by a TSH level below the lower reference interval in the
presence of normal serum concentrations of FT4. Overt
hypothyroidism was defined by a TSH level above the
upper reference limit with concomitant FT4 levels below
the lower reference interval or by TSH >10.0 mIU/L irre-
spective of FT4. Subclinical hypothyroidism was defined
as normal FT4 level in the presence of TSH elevation
above the upper limit of the normal reference range
and <10.0 mIU/L. Euthyroid hyperthyroxinemia and
hypothyroxinemia were defined as a normal TSH with
FT4 concentrations above or below the normal reference
interval, respectively.

Time to thyroid dysfunction was measured as the time
to first documented thyroid function test abnormality fol-
lowing receipt of the initial dose of ICI. Duration of thyro-
toxicosis or hypothyroidism was defined as the time to
restoration of normal TSH following the first laboratory
documented episode of abnormal thyroid function.

Assay Characteristics

Serum concentration of thyroid hormones and anti-
bodies were made using commercially available kits from
Abbott Diagnostics. TSH had a measuring range of 0.01
to 127 mIU/L with precision (coefficient of variation,
CV) of 1.9% to 5.3% across a wide range of TSH values.
FT4 had a measuring range of 0.0 to 77.2 pmol/L with
precision (CV) of 3.6% to 7.8% across a wide range of
FT4 values. Full assay characteristics are available on-
line via Abbott Diagnostics package insert instructions.

Local reference intervals for TSH and FT4 were set at
0.40 to 4.20 mIU/L and 9.0 to 19.0 pmol/L respect-
ively. Thyroid peroxidase antibody (TPOAD) and thyro-
globulin antibody (TgAb) titers were measured using the
Abbott Architect platform with values of >5.61 TU/mL
and >4.11 IU/mL considered positive, respectively.

Procedures and Outcomes

The primary outcome was to describe the prevalence,
clinical phenotypes, and factors associated with thyroid
irAEs in a large cohort of melanoma patients undergoing
ICI treatment. Biobank serum specimens were retrieved
to measure TPOAb and TgAbD titers in a subset of patients
using samples collected and stored at baseline (prior to
receipt of first ICI dose). Additional analyses were per-
formed to assess the association of thyroid irAEs with
cancer survival.

Statistical Analysis

Continuous variables were summarized as median and
interquartile range (IQR) or frequencies and percentages
reported for categorical variables. Baseline characteristics
of patients with thyroid irAEs are compared with those
of patients without thyroid irAEs in Table 1 using the
Mann-Whitney U-test for continuous outcome variables
and Pearson’s chi-squared test for categorical outcome
variables. Associations between demographic factors and
thyroid irAEs were assessed using multivariable logistic
regression that included all factors with P <.20 from a
univariate analysis. Results of multivariable logistic re-
gression are presented as odds ratio (OR) and associated
95% CI. Survival differences between patients with thyroid
irAEs and patients without thyroid irAEs were compared
using Kaplan—-Meier log-rank analysis. The effect of thy-
roid irAEs on OS and PFS was estimated using Cox regres-
sion adjusted with age, sex, brain metastases, and ICI type.
All statistical tests were 2-tailed with the 2-sided statistic-
ally significant level set at P =.05. Prespecified subgroup
analyses were performed in patients with overt thyrotoxi-
cosis and overt hypothyroidism compared with patients
with euthyroidism. Statistical analyses were conducted
using Statistical Package for Social Sciences (SPSS) ver-
sion 26 (SPSS Inc, IL, USA) and figures were created using
GraphPad Prism, version 8. All patients consented for their
data to be recorded in the Melanoma Institute Australia
central database, and for that information to be used for
research purposes. Ethics approval was provided by the
Sydney Local Health District human research and ethics
committee.
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Table 1. Baseline characteristics

All patients Thyroid irAE No thyroid irAE P value

Patients; n (%) 1246 (100) 518 (42) 728 (58
Age (vears); median (IQR) 65 (54-74) 63 (51-71) 67 (56-75) <.001
Male; n (%) 824 (66) 306 (59) 518 (71) <.001
Checkpoint inhibitor; n (%) <.001

CTLA-4 165 (13) 41 (8) 124 (17)

PD-1/PD-L1 705 (57) 266 (51) 439 (60)

Combination CTLA-4 + PD-1 376 (30) 211 (41) 165 (23)
AJCC stage (28); n (%) .70

Illa 17 (1) 6(1) 11 (1)

1IIb 63 (5) 29 (6) 34 (5)

Il 150 (12) 55(11) 95 (13)

IV M1a 83 (7) 35(7) 48 (7)

IV M1b 167 (13) 69 (13) 98 (14)

IV M1c 726 (58) 314 (61) 412 (57)
ECOG status; n (%) 14

0 744 (60) 330 (64) 414 (57)

1 365 (29) 138 (27) 227 (31)

2 37(3) 14 (3) 23 (3)

3 8 (1) 2 (<1) 6(1)
Brain metastases; n (%) 258 (21) 131 (25) 127 (17) .001
Elevated LDH; n (%) 336 (27) 133 (26) 203 (28) 29
TSH (mIU/L); median (IQR) 1.32 (0.93-1.94) 1.24 (0.81-1.90) 1.38 (0.98-1.99) 003
FT4 (pmol/L); median (IQR) 13.1 (12.0-14.3) 13.1 (12.0-14.7) 13.0 (12.0-14.1) 32
TPOAb positive; n (%) 271163 (17) 27/128 (21) 0/35 (0) <.001
TgAb positive; n (%) 42/163 (26) 41/128 (32) 1/35 (3) <.001

Abbreviations: irAE, immune-related adverse event; AJCC, American Joint Committee on Cancer; ECOG, Eastern Cooperative Oncology Group; LDH, lactate

dehydrogenase; TSH, thyroid stimulating hormone; FT4, thyroxine; TPOADb, thyroid peroxidase antibody; TgAb, thyroglobulin antibody; IQR, interquartile range.

Results
Study Population

One thousand two hundred forty-six patients met in-
clusion criteria. The median age was 65 years (IQR
54-74) and 824 (66 %) participants were male, consistent
with a typical melanoma population. Immune check-
point inhibitor treatment consisted of the anti-CTLA-4
antibody ipilimumab (13%), anti-PD-1 antibodies
nivolumab (19%) or pembrolizumab (36%), combin-
ation ipilimumab and nivolumab (23%), combination
ipilimumab and pembrolizumab (7%), or the anti-PD-L1
antibodies atezolizumab/avelumab (2%). Baseline char-
acteristics are presented in Table 1.

Incidence of Thyroid Dysfunction

The entire cohort (n =1246) had a median follow-up of
11.3 (IQR 5-24) months. During follow-up, ICI-associated
thyroid irAEs occurred in 518 (42%) patients. The highest
incidence of thyroid irAEs occurred with combination
CTLA-4 and PD-1 inhibitor treatment (56 %), followed by
anti-PD-1 (38%) and anti-CTLA-4 (25%) monotherapies
(Fig. 1A).

Multiple patterns of thyroid irAEs were observed.
Primary thyrotoxicosis was the most common thyroid
irAE, affecting 388 (31%) patients. Of primary hyperthy-
roid irAEs, thyrotoxicosis was subclinical in 234 patients
and overt in 154 patients (Fig. 1B). In patients with overt
thyrotoxicosis, the median maximum FT4 concentration
was 25.6 pmol/L (IQR 21.9-35.1). Primary hypothyroidism
at onset (ie, without a preceding hyperthyroid phase) oc-
curred in 100 (8%) patients and, again, most cases were
subclinical (Fig. 1B). Euthyroid hyperthyroxinemia and
hypothyroxinemia developed in 10 (<1%) and 6 (<1%) pa-
tients, respectively. Nonthyroidal illness (isolated low tri-
iodothyronine) occurred in 14 (1%) patients (Fig. 1B). As a
proportion of total thyroid irAEs, overt thyroid dysfunction
occurred more commonly following combination CTLA-4
and PD-1 inhibitor treatment (47%) than after anti-PD-1
(37%) or anti-CTLA-4 (19%) based monotherapy.

Kinetics of Thyroid Dysfunction

There were kinetic differences in the temporal course of
TSH and FT4 in patients with thyrotoxicosis compared
with those who developed hypothyroidism from onset (Fig.
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Figure 1. Incidence and biochemical subtypes of thyroid immune related adverse events following immune checkpoint inhibitor treatment. (A)
Proportion of patients experiencing a thyroid immune-related adverse event by immune checkpoint inhibitor exposure. (B) Patterns and incidence
rates of thyroid dysfunction developing after immune checkpoint inhibitor treatment.

2). Time to thyroid dysfunction was significantly shorter
for patients with thyrotoxicosis than those with hypo-
thyroidism (median 41 vs 90 days, P <.001). Of patients
with thyrotoxicosis, a classical thyroiditis-like pattern of
thyrotoxicosis immediately followed by a hypothyroid
phase occurred in 111/388 (29%) patients. Progression
to hypothyroidism was more common following overt
thyrotoxicosis, with 91/154 (59%) patients progressing
compared with 20/234 (9%) patients following an ini-
tial presentation with subclinical thyrotoxicosis (Table 2).
Permanent hypothyroidism requiring thyroid hormone
replacement was highest in patients with overt hypothy-
roidism at onset (74%). In patients with subclinical thyro-
toxicosis, 227 (97%) returned to a euthyroid state during
follow-up, whereas in patients with overt thyrotoxicosis,
only 88 (57%) recovered normal thyroid function during
follow-up and 66 patients (43%) progressed to permanent
hypothyroidism requiring thyroid hormone replacement
(Table 2).

Immune-related adverse events in extrathyroidal organ
systems were common, affecting 865 (69%) patients. Rates
of extrathyroidal irAEs were significantly increased in pa-
tients with overt thyrotoxicosis relative to hypothyroid and
euthyroid patients (87 vs 67 vs 65%, P <.001). Similarly,
overt thyrotoxicosis was associated with higher rates of
multi-system irAEs and Common Terminology Criteria for
Adverse Events (CTCAE) grade 3 or higher (more severe)
irAEs compared with hypothyroid and euthyroid patients
(Table 2).

Clinical and Biochemical Associations

Combination immunotherapy with anti-CTLA-4 and
anti-PD-1 ICIs was associated with higher rates of thy-
roid irAE relative to either CTLA-4 (OR 3.76; 95% CI

2.49-5.75; P < .001) or PD-1 (OR 1.90; 95% CI 1.45-2.49;
P <.001) based monotherapy. Thyroid irAEs were signifi-
cantly more frequent in women (OR 1.62; 95% CI 1.27-
2.08; P <.001) and were negatively associated with age
(OR 0.88 per 10 years; 95% CI 0.81-0.96; P =.005) and
brain metastases (OR 0.71; 95% CI 0.53-0.94; P <.02).
The incidence of overt thyrotoxicosis was higher following
combination ICI treatment compared with anti-CTLA-4
(OR 10.8; 95% CI 4.51-25.6; P < .001) or anti-PD-1 (OR
3.30; 95% CI 2.23-4.90; P < .001) monotherapy (Table 3).
Overt thyrotoxicosis was more common in women (OR
2.02; 95% CI 1.37-2.95; P <.001) and in younger pa-
tients (OR 0.83 per 10 years; 95% CI 0.72-0.95; P =.007).
Combination ICI treatment did not significantly influence
odds of overt hypothyroidism compared to CTLA-4 (OR
7.28; 95% CI 0.89-59.4; P =.06) and PD-1 (OR 0.70;
95% CI 0.31-1.59; P =.40) based monotherapy. Baseline
TSH did not predict thyroid irAEs overall. However, base-
line TSH levels were significantly higher in patients with
overt hypothyroidism from onset (OR 2.33 per mIU/L;
95% CI 1.61-3.33; P <.001). Using receiver operating
characteristic curve analysis, baseline TSH values greater
than 2.47 mIU/L were 90% specific and 40% sensitive for
prediction of subsequent primary overt hypothyroidism.

Thyroid Autoantibodies

TPOAD and TgAb were measured in a subset of 163 patients
with available biobank serum specimens collected prior to ICI
treatment initiation. Overall, TPOAD, TgAb, or both were ele-
vated in 46 patients (28%). Antithyroid antibody positivity
rates were low in patients who did not develop a thyroid irAE,
with only 1 patient (3%) affected by a positive TPOAD (Table
1). TPOADb and TgAb positivity rates were higher in patients
who ultimately developed a thyroid irAE, affecting 21% and

120z Jequisydes 60 uo 3senb Aq 55ZZ#Z9/70.£8/6/90 L /8101He/Wwadl/wod dnoolwepese//:sdiy wols papeojumoq



The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 9

e3709

A NO THYROID irAE C
20

THYROTOXICOSIS

TSH (mIU/L)
= b
1 1

TSH (mIU/L)

n
1

Time (days) Time (days)

TSH (mIU/L)

HYPOTHYROIDISM

Time (days)

30

25

I~
S

-
1y

FT4 (pmol/L)
FT4 (pmol/L)

1 1
50 100 150

0 50 100 150 200

Time (days) Time (days)

FT4 (pmol/L)

30

25

)
S

3

50 100 150 200

Time (days)

Figure 2. Kinetics of thyroid stimulating hormone and free thyroxine following immune checkpoint inhibitor treatment. (A) Change in TSH over
time (mean + SEM) in patients who remained euthyroid during follow-up. (B) Change in FT4 over time in patients who remained euthyroid during
follow-up. (C) Change inTSH over time in patients who developed primary thyrotoxicosis (subclinical and overt) during follow-up. (D) Change in FT4
over time in patients who developed primary thyrotoxicosis during follow-up. (E) Change inTSH over time in patients who developed primary hypo-
thyroidism (subclinical and overt) during follow-up. (F) Change in FT4 over time in patients who developed primary hypothyroidism during follow-up.

TSH, thyroid-stimulating hormone; SEM, standard error of the mean; FT4, free thyroxine.

Table 2. Clinical phenotypes of thyroid dysfunction in patients with thyroid immune-related adverse events

Thyrotoxicosis Hypothyroidism P value
Subclinical Overt Subclinical Overt
Patients; n 234 154 61 39
Age (years); median (IQR) 63 (49-71) 60 (49-69) 68 (55-74) 62 (51-73) <.001
Male; n (%) 147 (63) 83 (54) 42 (69) 16 (41) <001
Checkpoint inhibitor; n (%) <.001
CTLA-4 23 (10) 6 (4) 6 (10) 1(3)
PD-1/PD-L1 110 (47) 62 (40) 48 (79) 29 (74)
Combined CTLA-4 + PD-1 101 (43) 86 (56) 7 (11) 9 (23)
Baseline TSH (mIU/L); median (IQR) 0.95 (0.63-1.41) 1.29 (0.89-1.88) 2.32(1.43-3.03) 1.94 (1.20-3.07) <.001
Baseline FT4 (pmol/L); median (IQR) 12.8 (11.9-13.7) 13.6 (12.2-15.1) 12.5 (11.7-14.1) 14.1 (12.5-15.6) 23
TPOAD positive; n (%) 3/58 (5) 18/53 (34) 2/4 (50) 4/13 (31)
TgAb positive; n (%) 8/58 (14) 26/53 (49) 1/4 (25) 6/13 (46)
Time to onset of thyroid dysfunction (weeks); me- 8 (4-14) 5(2-8) 10 (3-26) 4 (8-25) <.001
dian (IQR)
Time to normalization of TSH after onset of thy- 4 (1-8) 12 (7-24) 3 (1-8) 10 (1-24) .37
roid dysfunction (weeks); median (IQR)
Progression to hypothyroidism; n (%) 20 (9) 91 (59) n/a n/a n/a
Permanent hypothyroidism requiring thyroxine; n (%) 7 (3) 66 (43) n/a 29 (74) 13
Extra-thyroidal irAEs; n (%) 173 (74) 134 (87) 38 (62) 29 (74) .01
Multi-system extrathyroidal irAEs; n (%) 13 (6) 24 (16) 0 (0) 2(5) .01
Severe (CTCAE grade 3-4) extrathyroidal irAEs; 56 (24) 37 (24) 9(15) 5(15) .03

n (%)

Abbreviations: TSH, thyroid-stimulating hormone; FT4, thyroxine; TPOADb, thyroid peroxidase antibody; TgAb, thyroglobulin antibody; IQR, interquartile range;

irAE, immune related adverse event; CTCAE, Common Terminology Criteria for Adverse Events.
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Table 3. Demographic associations with ICl-associated thyroid immune related adverse events (including subgroup analyses

of overt thyroid irAEs) compared with patients that remained euthyroid during follow-up

Factor Any thyroid irAE P Overt thyrotoxi- I Overt hypothyroidism P
OR (95% CI) value cosis OR (95% CI) value OR (95% CI) value
Age (per 10-years) 0.88 (0.81-0.96) 005 0.83 (0.72-0.95) 007 0.87 (0.68-1.10) .23
Sex (female vs male) 1.62 (1.27-2.08) <.001 2.02 (1.37-2.95) <.001 3.31 (1.67-6.56) .001
Immune checkpoint inhibitor
CTLA-4+PD-1 combination vs  3.76 (2.49-5.75) <.001 10.8 (4.51-25.6) <.001 7.28 (0.89-59.4) .06
CTLA-4
CTLA-4+PD-1 combination 1.90 (1.45-2.49) <.001 3.30 (2.23-4.90) <.001 0.70 (0.31-1.59) 40
vs PD-1
Baseline TSH (per 1.0 mIU/L) 1.05 (0.91-1.22) 48 1.08 (0.84-1.38) 55 2.33 (1.61-3.33) <.001
Brain metastases (absent vs pre-  0.71 (0.53-0.94) .02 0.78 (0.50-1.22) 27 0.70 (0.31-1.59) .39

sent)

Abbreviations: irAE, immune-related adverse event; OR, odds ratio; ICL, immune checkpoint inhibitor; CTLA-4, cytotoxic T-lymphocyte antigen-4; PD-1, pro-

grammed cell death-1.

32% of patients, respectively. In patients with thyroid irAEs
and positive antibodies, 22/45 (49%) were positive for both
TPOADb and TgAb, whereas no euthyroid patients were posi-
tive for both antibodies. The prevalence of antithyroid anti-
body positivity, including dual antibody positivity, was higher
in patients with overt thyroid irAEs (thyrotoxicosis or hypo-
thyroidism) compared with those with subclinical thyroid
irAEs (Table 2).

Prognostic Significance

Median follow-up was not different between patients with
thyroid irAEs (11.5 months; IQR 5.0-23.9) and patients
without thyroid irAEs (11.1 months; IQR 4.8-25.3). No
difference in treatment response (iRECIST criteria (16))
was observed in patients with ICl-associated thyroid irAEs
relative to patients that remained euthyroid (58% vs 56 %;
P =.55). Similarly, mortality did not differ between patients
with and patients without thyroid irAEs (33% vs 37%;
P =.14). After adjustment for age, sex, brain metastases,
and ICI type, OS and PFS did not differ between patients
with thyroid irAEs and patients that remained euthyroid.
In thyroid irAE patients, hazard ratios (HR) for OS and
PFS were 0.95 (95% CI 0.77-1.16; P = .59) and 0.97 (95%
CI 0.81-1.16; P = .74) respectively.

Survival analyses were performed separately for pa-
tients with overt thyrotoxicosis or overt hypothyroidism.
Patients who developed overt thyrotoxicosis had longer OS
(log-rank test; P =.001) and PFS (log-rank test; P =.001)
than patients who did not experience a thyroid irAE. These
results were confirmed by multivariable Cox regression
analysis (adjusted for age, sex, brain metastases, and ICI
type), with a HR of 0.57 (95% CI 0.39-0.84; P = .005) for
OS and a HR of 0.68 (95% CI 0.49-0.94; P = .02) for PFS

(Fig. 3). No improvement in PFS or OS was observed in
association with overt hypothyroidism.

Discussion

We report clinical and biochemical characteristics of ICI-
associated thyroid irAEs in the largest cohort of patients
studied to date. The incidence of thyroid dysfunction in
our study was substantially higher than reported in other
cohorts, with sufficient patient numbers to examine this
condition (12, 15, 17). We confirmed that combined ICI
treatment resulted in more frequent and severe thyroid
irAEs (5, 18). Notably, with the power of our large dataset
we were able to clearly delineate subsets of thyroid dysfunc-
tion and describe new clinical and biochemical associations.
Our findings suggest that ICl-associated overt thyrotoxi-
cosis (with or without subsequent hypothyroidism) and
hypothyroidism (without preceding thyrotoxicosis) may be
etiologically distinct, rather than different presentations of
the same disease process.

Whereas previous studies have failed to identify clin-
ical factors related to thyroid irAEs, our study identified
multiple new demographic characteristics that were asso-
ciated with incident thyroid irAEs. In our cohort, female
sex was a strong predictor of thyroid irAEs. An association
between sex and thyroid irAE risk had not previously been
reported, possibly due to small sample sizes and lack of
statistical power (13, 19). A predilection of thyroid irAEs
toward women is similar to the female preponderance of
autoimmune thyroid disease observed in the general popu-
lation (20). Age also acted as an independent risk factor for
thyroid irAEs, with younger patients experiencing higher
rates of thyrotoxicosis, but not hypothyroidism. These find-
ings are consistent with other forms of thyroiditis, such as
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Figure 3. Overall survival and progression-free survival in patients with thyroid immune related adverse events. (A) Overall survival in patients with
overt primary thyrotoxicosis relative the patients who remained euthyroid. (B) Progression-free survival in patients with overt primary thyrotoxicosis

relative the patients who remained euthyroid.

subacute thyroiditis, which typically develop between the
third and fifth decades (21, 22).

Kinetic changes of TSH and FT4 that occurred fol-
lowing ICI treatment demonstrated several distinct pat-
terns. In patients with overt thyrotoxicosis, 93% presented
with abnormal thyroid function within 3 months of ICI
treatment initiation compared to only 38% of patients pre-
senting with overt hypothyroidism as the primary mani-
festation of ICI-associated thyroid irAE. Whereas the time
to onset of thyrotoxicosis was generally uniform, there
was marked heterogeneity in the time to onset of hypo-
thyroidism, ranging from 1 week to 70 weeks after the
start of ICI treatment. The mechanisms underpinning late-
onset hypothyroidism are poorly characterized. However,
antithyroid antibody positivity rates in hypothyroid pa-
tients approached 50%, suggesting that late onset hypo-
thyroidism may be secondary to ICI-mediated acceleration
of lymphocytic infiltration of the thyroid in the context
of a subclinical Hashimoto’s thyroiditis that predated ICI
treatment.

The role of antithyroid antibodies in the pathogenesis
of ICI-associated thyroid irAEs remains controversial and
poorly characterized (5). We measured baseline TPOAb
and TgAb status using stored serum samples in 163 ICI-
treated patients using a single assay and within a single run.
Our results clearly demonstrated an association between
TPOAb and/or TgAb positivity at baseline and the inci-
dence of IClI-associated thyroid irAEs. Interestingly, these
findings share similarity to other causes of thyroiditis (ie,
postpartum), where antithyroid antibodies are present in
up to 50% of affected patients but may not be pathogno-
monic (23). TPOAb and TgAb positivity was particularly

prominent in patients who developed overt thyroid dys-
function, suggesting that pre-existing thyroid autoimmunity
may be a potent risk factor for future development of ICI-
associated thyroid toxicity. This hypothesis is strengthened
by our additional findings that TPOAb and TgAb titers and
dual antibody positivity rates were higher in patients with
overt thyroid irAEs than patients with subclinical or no
thyroid irAE.

As expected, thyrotoxicosis was significantly associ-
ated with the type of ICI treatment received. Combination
therapy resulted in significantly higher rates of both overt
and subclinical thyrotoxicosis relative to CTLA-4 and PD-1
inhibitors used alone. However, no such association was
observed with respect to overt hypothyroidism, where the
incidence of thyroid irAEs was similar across all ICI types.
Baseline TSH concentrations were significantly higher in
patients who developed overt hypothyroidism as their ini-
tial thyroid irAE. The association of hypothyroidism and
baseline TSH had been observed previously and again
may suggest progression of a pre-existing, subclinical
Hashimoto’s thyroiditis accelerated by ICI treatment, ra-
ther than a de novo ICI-mediated thyroiditis (19, 24, 25).
Our data are consistent with this hypothesis, although our
finding of differential thyroid irAE sensitivity to ICI type
and high prevalence of antithyroid antibodies needs to be
validated in other large ICI patient cohorts.

Overall, thyroid irAEs were associated with in-
creased rates of extrathyroidal irAEs (hepatitis, col-
itis, etc.) including multisystem and CTCAE grade 3
or higher (more severe) irAEs relative to euthyroid
patients. Increased rates of nonthyroidal irAEs were
driven mainly by patients with overt thyrotoxicosis.
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Primary hypothyroidism alone was not associated with
extrathyroidal, multisystem, or severe irAEs, which in
this group of patients occurred at similar rates to that
observed in patients who remained euthyroid. Taken to-
gether, our data suggest that overt thyrotoxicosis could
be a surrogate marker of more robust immune response
to ICI treatment. Overt thyrotoxicosis was associ-
ated with high rates of extrathyroidal immune toxicity,
but also improved cancer survival outcomes. Similar
autoinflammatory sequalae and survival improvements
were not observed in association with other thyroid irAE
subtypes. Previous studies have inconsistently reported
benefit in PFS and OS associated with thyroid irAEs (7, 9,
26,27). Improvements in PFS and OS have been reported
with overt relative to subclinical thyroid irAEs, but no
studies had examined the differential effect of thyrotoxi-
cosis and hypothyroidism with respect to cancer survival
(6, 15). Differences in clinical and biochemical presenta-
tion of ICI-associated thyroid irAEs in our study support
the hypothesis that ICI-associated thyrotoxicosis and
hypothyroidism represent distinct clinical entities with
differing underlying pathogenesis—thyrotoxicosis as
an acute destructive thyroiditis and hypothyroidism as
a progression of pre-existing autoimmune lymphocytic
thyroiditis.

Our study had limitations inherent to the retrospective
study design. Although patients were followed prospect-
ively, and thyroid function tests were usually performed
on a 3- to 4-weekly schedule, not all patients had tests
performed at uniform time points, and it is possible that
some cases of thyroid dysfunction may have been missed.
We did not routinely test for TSH receptor antibodies in
hyperthyroid patients and therefore Graves’ disease cannot
be excluded. However, all patients in our study developed
transient thyrotoxicosis which was self-limited and resolved
without treatment. We believe this makes Graves’ disease
highly unlikely. Stored serum at baseline was not available
for all patients. As such, antithyroid antibodies were meas-
ured in a subset of patients only. However, we believe these
results can be generalized to the larger cohort, as patients
were sampled from all subgroups of thyroid dysfunction
and demographically were not significantly different from
untested patients of their respective thyroid irAE subtypes.

In summary, this study comprehensively details the
clinical and biochemical features of IClI-associated thy-
roid irAEs. As the use of ICIs continue to increase, irAEs
(thyroid and nonthyroid) will become an increasingly im-
portant component of endocrine and oncology practice.
Our study reports new associations of thyroid irAEs with
age, sex, TPOAb/TgAb, extrathyroidal irAEs, and other
factors, which in totality suggest there are multiple mech-
anisms underpinning development of thyroid dysfunction
following ICI treatment.
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Abstract

Context: The significance of thyroid peroxidase (TPOAb) and thyroglobulin antibody (TgAb) in the pathogenesis of thyroid immune-related ad-
verse events (irAEs) is unknown.

Obijective: To characterize the association of anti-thyroid antibodies with the development of thyroid immune related adverse events.

Methods: A retrospective cohort study was conducted of patients with melanoma receiving immune checkpoint inhibitor (ICl) treatment.
TPOAD, TgAb, and interleukin-6 (I-:6) were measured retrospectively using tumorbanked samples at baseline and at time of diagnosis of a thy-
roid irAE. In euthyroid patients (without thyroid irAEs) measures were repeated 30 to 60 days after ICl commencement, which was similar to
the median time to onset of thyroid irAEs in other patients.

Results: A total of 122 patients were included—31 remained euthyroid, 47 developed subclinical thyrotoxicosis, 37 developed overt thyrotoxi-
cosis, and 7 developed overt hypothyroidism without preceding thyrotoxicosis. Baseline elevation of TPOAb or TgAb was present in 19 (16%)
and 28 (23%) patients, respectively. Positive TPOAb or TgAb at baseline was 97% and 100% specific for eventual development of a thyroid irAE,
respectively. During ICl treatment, overt thyrotoxicosis, but not other subtypes of thyroid irAE, was associated with statistically significant in-
creases in the titer of TgAb and TPOAb. Baseline IL:-6 levels were not associated with thyroid irAE onset but statistically significantly increased
during treatment in patients who developed overt hypothyroidism.

Conclusions: TPOAb and TgAb positivity at baseline was more prevalent in patients who developed thyroid irAEs. Statistically significant in-
creases or new antibody positivity was observed in association with overt thyrotoxicosis. TPOAb and TgAb positivity or increases during ICl
treatment may be a useful biomarker to identify patients at increased risk of thyroid irAEs, particularly overt thyrotoxicosis.

Key Words: hyperthyroidism, thyroiditis, thyroid peroxidase antibody, interleukin-6, immune checkpoint inhibitor, immune-related adverse event

Abbreviations: AITD, autoimmune thyroid disease; FT4, free thyroxine; ICl, immune checkpoint inhibitor; IL-6, interleukin-6; IQR, interquartile range; irAE,
immune-related adverse event, 0S, overall survival, PD-1, programmed cell death protein-1; PFS, progression-free survival; TgAb, thyroglobulin antibody;
TPOAD, thyroid peroxidase antibody; TRAb, thyrotropin-receptor antibody; TSH, thyrotropin.

Immune checkpoint inhibitors (ICIs) are associated with wide
ranging immune-related adverse events (irAEs) (1). The thy-
roid is particularly susceptible, and thyroid dysfunction is one
of the most common irAEs (2, 3). The etiology of thyroid
irAEs is not fully understood and multiple mechanisms may
underly disease onset (4, 5). The influence of thyroid perox-
idase antibody (TPOAD) and thyroglobulin antibody (TgAb)
positivity on risk for thyroid irAEs remains unknown.

We recently described thyroid irAEs in a large cohort of
IClI-treated patients with melanoma (4). We showed that
TPOADb and TgAb were mainly found in association with
biochemically overt thyroid irAEs, particularly overt thyro-
toxicosis where we also found an association with longer
progression-free survival (PFS) and overall survival (OS) (4).
Based on these findings, the present study aimed to further
characterize the association of TPOAb/TgAb and changes
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in TPOAb/TgAb during treatment with thyroid irAEs, with
a particular interest in patients with overt thyrotoxicosis.
Thyrotropin-receptor antibody (TRAb) and interleukin-6 (IL-
6), a proinflammatory cytokine associated with irAEs in other
nonendocrine organ systems, were also studied.

Materials and Methods

Study Design and Participants

We included adult patients undergoing ICI treatment for
melanoma with biobank serum samples to study the preva-
lence and kinetics of TPOAb, TgAb, and IL-6. Demographic,
treatment, and cancer outcome information was extracted
from a prospectively maintained central database. As part of
routine care, measurement of serum thyrotropin (TSH) was
performed in all patients before commencement of immuno-
therapy and thyroid function was repeated at subsequent
ICI doses every 3 to 4 weeks. Biobank samples collected and
stored at baseline (before receipt of first ICI dose) and at onset
of thyroid irAE (or 30-60 days after treatment initiation in
patients who remained euthyroid) were retrieved and used to
measure TPOAb, TgAb, TRAD, and IL-6 levels.

Definitions

Thyroid irAEs were defined by new thyroid dysfunc-
tion developing after treatment with an ICI and were
subcategorized by the biochemical pattern of thyroid dys-
function. Overt thyrotoxicosis was defined by a TSH level
below the lower reference interval with concomitant elevation
of free thyroxine (FT4) above the upper reference interval.
Subclinical thyrotoxicosis was defined by a TSH level below
the lower reference interval in the presence of normal serum
concentrations of FT4. Overt hypothyroidism was defined by
a TSH level above the upper reference limit with concomi-
tant FT4 levels below the lower reference interval and no pre-
ceding thyrotoxic phase.

Assay Characteristics

Serum concentration of thyroid hormones were measured
using the Abbott Architect I-2000 immunoassay (TSH catalog
No. 7K62, RRID: AB_2883972, https://scicrunch.org/re-
sources/Any/search?q=AB_2883972&I1=AB_2883972; FT4
catalog No. 7K65, RRID: AB_2801665, https://scicrunch.
org/resources/Any/search?q=AB_2801665&1=AB_2801665).
Local reference intervals for TSH and FT4 were set at 0.40
to 4.20 mIU/L and 9.0 to 19.0 pmol/L, respectively. TPOAb
and TgAb titers were measured using Abbott Architect with
values greater than 5.61 IU/mL and greater than 4.11 IU/mL
considered positive, respectively (TPOAD catalog No. 2K47,
RRID: AB_2904180, https://scicrunch.org/resources/Any/
search?q=AB_2904180&I1=AB_2904180; TgAb catalog No.
2K46, RRID: AB_2904179, https://scicrunch.org/resources/
Any/search?q=AB_2904179&I1=AB_2904179). TRAb levels
were measured using Roche Diagnostics cobas €601 ana-
lyzer (catalog No. 04388780190, RRID: AB_2801453,
https://scicrunch.org/resources/Any/search?q=AB_280145
3&I1=AB_2801453), with a measuring range of 0.8 to 40.0
IU/L (coefficient of variation 7.6%, 1.9%, and 0.9% for
TRAD levels of 1.7, 5.9, and 24.6 TU/L, respectively). TRAb
titers greater than 1.8 IU/L were considered positive. IL-6
was measured using Siemens IMMULITE 2000-XPI enzyme-
labeled, chemiluminescent immunometric assay (catalog
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No. L2K6P2, RRID: AB_2904178, https:/scicrunch.org/re-
sources/Any/search?q=AB_2904178&I1=AB_2904178) with
the reference range set at 0.0 to 3.4 pg/mL.

Procedures and Qutcomes

The primary outcome was change in TPOAb and TgAb
from baseline during ICI-treatment and whether increases
in TPOADb/TgAb were associated with the development of
a thyroid irAE. Change in TPOAb or TgAb from baseline
were considered present if there was new antibody positivity
or a greater than 50% increase in antibody titer for patients
already positive at baseline. Other outcomes of interest in-
cluded TL-6 levels at baseline and change in IL-6 level during
ICI-treatment. In addition, TRAb levels were measured in
patients at time of development of thyroid irAE to exclude
Graves disease.

Statistical Analysis

Baseline characteristics are presented as median and inter-
quartile range (IQR) or frequency and percentages. Changes
in TPOAb, TgAb, and IL-6 from baseline were tested using the
Wilcoxon signed rank test. All statistical tests were 2-tailed
with 2-sided statistical significance level was set at P equal
to .05. Statistical analyses were conducted using Statistical
Package for Social Sciences (SPSS) version 26 (SPSS Inc) and
figures were created using GraphPad Prism, version 8. All pa-
tients consented for their data to be recorded in the Melanoma
Institute Australia central database, and for that information
to be used for research purposes. Ethical approval was pro-
vided by the Sydney Local Health District human research
and ethics committee.

Results

Patient Characteristics

Paired serum samples at baseline and on treatment were
obtained for 122 patients. Samples came from patients
with subclinical thyrotoxicosis (n=47), overt thyrotoxi-
cosis (n =37), overt hypothyroidism (n =7), and persistent
euthyroidism (n =31). The median follow-up of the study
cohort was 13.8 months (IQR, 5.6-25.2 months). At base-
line, 19 patients (16%) had TPOAD elevated, and 28 patients
(23%) had TgAb elevated above the upper reference interval.
Sixteen patients (13%) were positive both for TPOAb and
TgAb. Baseline characteristics of all patients are presented in
Table 1 and stratified by thyroid irAE subtype in Table 2.

Thyroglobulin Antibody

TgAb positivity at baseline was 100% specific (31% sensi-
tive) for development of a thyroid irAE. Five patients (11%)
with subclinical thyrotoxicosis had a positive TgAb at base-
line. By comparison, 20 patients (54%) with overt thyrotoxi-
cosis and 3 patients (43%) with overt hypothyroidism had a
positive TgADb at baseline (Fig. 1A). No patients that remained
euthyroid had a positive TgAb at baseline. In patients with
a positive baseline TgAb, median TgAb titer was statistic-
ally significantly higher in patients with overt thyroid irAEs
compared to patients with subclinical irAEs (see Table 2,
P <.001). In patients with overt thyrotoxicosis, progression
to hypothyroidism following the initial thyrotoxic phase
was statistically significantly higher in TgAb-positive pa-
tients compared to TgAb-negative patients (85.0% vs 41.2%;
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P =.01). No patients remained thyrotoxic, and the remainder
spontaneously returned to euthyroidism.

During ICI treatment, 34 patients experienced a greater than
50% increase in TgAb titer or became positive from a nega-
tive baseline level. In 24 of 34 (71%) patients, increases or new

Table 1. Baseline characteristics

All patients (N = 122)

Dual antibody positive; n (%)
Interleukin-6 elevated; n (%)
Interleukin-6, pg/mL; median (IQR)

Sex, n (%)
Male 73 (60)
Female 49 (40)
Age, y; median (IQR) 65 (53-75)
Checkpoint inhibitor, n (%)
CTLA-4 3(2)
PD-1/PD-L1 75 (62)
CTLA-4 + PD-1 44 (36)
TSH, mIU/L; median (IQR) 1.27 (0.91-1.82)
FT4, pmol/L; median (IQR) 13.1 (12.1-14.4)
TPOAD positive; n (%) 9 (16)
TPOAD titer, [U/mL; median (IQR) 0.33 (0.10-0.75)
TgAb positive; n (%) 8 (23
TgADb titer, [U/mL; median (IQR) 0.77 (0.
6 (13
5(53
7 (1.

Abbreviations: CTLA-4, cytotoxic lymphocyte antigen-4; FT4, free
thyroxine; IQR, interquartile range; irAE, immune-related adverse event;
PD-1, programmed cell death protein-1; TgAb, thyroglobulin antibody;
TPOADb, thyroid peroxidase antibody; TSH, thyrotropin.

Table 2. Baseline characteristics by thyroid irAE subtype

positivity in TgAb were observed in association with overt
thyrotoxicosis. TgAb positivity at baseline had a positive pre-
dictive value of 71.4% and a positive likelihood ratio of 6.0 for
future development of overt thyrotoxicosis. Conversely, the ab-
sence of TgAb had a negative predictive value of 81.9% and a
negative likelihood ratio of 0.5 for future development of overt
thyrotoxicosis. In patients with overt thyrotoxicosis, TgAb titer
at the time of thyroid dysfunction was statistically significantly
increased compared to baseline (37.6 vs 6.55 TU/mL; P < .001).
Treatment-related increases in TgAb were not observed in pa-
tients who remained euthyroid or in patients with subclinical
thyrotoxicosis and overt hypothyroidism (Fig. 2A).

Thyroid Peroxidase Antibody

TPOAD positivity at baseline was 97% specific (20% sensi-
tive) for identification of patients destined to develop a thyroid
irAE. Two patients (4%) with subclinical thyrotoxicosis had a
positive TPOADb at baseline. By comparison, 13 patients (35%)
with overt thyrotoxicosis and 3 patients (43%) with overt
hypothyroidism had a positive TPOADb at baseline (Fig. 1B).
Only 1 patient (3%) who remained euthyroid had a positive
TPOAD at baseline. In patients with a positive baseline TPOAb,
median TPOAD titer was statistically significantly higher in pa-
tients with overt thyroid irAEs compared to patients with sub-
clinical irAEs (see Table 2, P <.001). In patients with overt
thyrotoxicosis, progression to hypothyroidism following the ini-
tial thyrotoxic phase was not statistically significantly different in
TPOAb-positive patients compared to TPOAb-negative patients
(76.9% vs 58.3%; P =.26). No patients remained thyrotoxic,
and the remainder spontaneously returned to euthyroidism.
During ICI-treatment, 16 patients experienced a greater
than 50% increase in TPOAD titer or became positive from a
negative baseline level. In 13 of 16 (81%) patients, increases

Euthyroid Subclinical thyrotoxicosis Overt thyrotoxicosis Overt hypothyroidism

No. 31 47 37 7
Sex, n (%)

Male 23 (74) 28 (60) 20 (54) (29)

Female 8 (26) 19 (40) 17 (46) 5(71)
Age, y; median (IQR) 68 (58-77) 69 (57-75) 55 (44-64) 4 (56-81)
Checkpoint inhibitor; n (%)

CTLA-4 2 (6) 12 0(0) 0(0)

PD-1/PD-L1 22 (71) 27 (57) 20 (54) 6 (86)

CTLA-4 + PD-1 7(23) 19 (41) 17 (46) 1(14)
TSH, mIU/L; median (IQR) 1.56 (1.16-1.90)  0.96 (0.58-1.40) 1.32 (0.92-1.77) 3.29 (1.94-3.33)
FT4, pmol/L; median (IQR) 12.5 (11.1-14.0) 13.1 (12.5-14.2) 13.7 (12.1-15.3) 13.6 (12.5-14.3)
TPOAD positive, n (%) 1(3) 2(4) 13 (395) 3 (43)
TPOAD titer, IU/mL; median (IQR) 0.17 (0.09-0.39)  0.24 (0.07-0.43) 0.57 (0.34-78.9) 0.38 (0.18-278.6)
TgAD positive, n (%) 0(0) S(11) 20 (54) 3 (43)
TgAb titer, [U/mL; median (IQR) 0.80 (0.00-1.45)  0.41 (0.00-0.92) 6.55 (0.91-43.6) 0.40 (0.00-426.7)
Dual antibody positive, n 0 (0) 2 (4) 11 (30) 3(43)
Interleukin-6 elevated, n (%) 17 (55) 21 (45) 23 (62) 4(57)
Interleukin-6, pg/mL; median (IQR) 3.6 (1.0-6.3) 3.1(1.0-5.7) 4.1 (2.1-6.2) 4.7 (3.0-7.0)

Abbreviations: CTLA-4, cytotoxic lymphocyte antigen-4; FT4, free thyroxine; IQR, interquartile range; irAE, immune-related adverse event; PD-1,

programmed cell death protein-1; TgAb, thyroglobulin antibody; TPOAD, thyroid peroxidase antibody; TSH, thyrotropin.
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Figure 1. Prevalence of thyroid peroxidase (TPOAb) and thyroglobulin antibody (TgAb) at baseline. A, Proportion of patients with positive TgAb at
baseline by thyroid immune-related adverse event (irAE) subtype. B, Proportion of patients with positive TPOAb at baseline by thyroid irAE subtype.

or new positivity in TPOAb were observed in association
with overt thyrotoxicosis. TPOAD positivity at baseline had
a positive predictive value of 68.4% and a positive likelihood
ratio of 5.0 for future development of overt thyrotoxicosis.
Conversely, the absence of TPOAb had a negative predictive
value of 76.6% and a negative likelihood ratio of 0.7 for
overt thyrotoxicosis. In patients with overt thyrotoxicosis,
TPOAD titer at the time of thyroid dysfunction was statistic-
ally significantly increased compared to baseline (P <.001).
Statistically significant treatment-related increases in TPOAb
were not observed in patients who remained euthyroid or in
patients with subclinical thyrotoxicosis and overt hypothy-
roidism (Fig. 2B).

Thyrotropin-Receptor Antibody

TRAD was measured at the time of thyroid irAE development in
all patients. TRAD positivity was not documented in any patient.

Interleukin-6

Elevation of IL-6 at baseline was present in 65 (53%) patients.
Median baseline IL-6 measured 3.70 pg/mL (IQR, 1.3-6.0 pg/
mL). Rates of IL-6 elevation and absolute IL-6 levels were
not different in patients with positive TPOAb or TgAb and
those without. Similarly, IL-6 levels were not different across
different subtypes of thyroid irAE (see Table 2). During ICI
treatment there was a statistically significant increase in IL-6
levels from baseline in patients with overt hypothyroidism
(P =.03). Treatment-related increases in IL-6 were not ob-
served in patients who remained euthyroid or in patients with
subclinical or overt thyrotoxicosis (Fig. 3).

Discussion

This study examined the prevalence and change in TPOAb
and TgAb during ICI treatment in patients with melanoma.
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Figure 2. Change in thyroid peroxidase and thyroglobulin antibody
(TgAb) titer following exposure to immune checkpoint inhibitor (ICI)
treatment. A, Median and interquartile range of TgAb at baseline and
during ICl-treatment by thyroid immune-related adverse event (irAE)
subtype) (*P < .001). B, Median and interquartile range of thyroid
peroxidase antibody (TPOAD) at baseline and during ICl-treatment by
thyroid irAE subtype (*P < .001).
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Figure 3. Change in interleukin-6 (I-6) level following exposure to
immune checkpoint inhibitor (ICI) treatment. Median and interquartile
range of I-6 at baseline and during ICl-treatment by thyroid immune-
related adverse event subtype (*P = .03).
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We found the prevalence of TPOAb and TgAb positivity to
be higher in patients who developed overt thyroid dysfunc-
tion (thyrotoxicosis or hypothyroidism) compared to patients
who remained euthyroid or those with subclinical thyrotoxi-
cosis. However, only overt thyrotoxicosis was associated with
large increases or new positivity in TPOADb and TgAb during
ICI treatment. In patients with overt thyrotoxicosis, TgAb
positivity was associated with progression to permanent
hypothyroidism following an initial thyrotoxic phase. TPOAb
positivity was also higher in patients who developed hypothy-
roidism following an initial thyrotoxic phase, although the as-
sociation did not attain statistical significance in our cohort.

Thyroid irAE onset is variable and can be missed because
symptoms may be minimal or conflated with those related
to the underlying malignancy (2). Pretreatment selection of
at-risk patients would be clinically useful, as overt thyrotoxi-
cosis commonly progresses to permanent hypothyroidism
and treatment with thyroid hormone replacement may be de-
layed (4). Predictive biomarkers to identify patients at risk of
thyroid irAEs could promote timely diagnosis and reduce risk
of thyroid irAE-related morbidity.

TPOAD or TgAb are positive in more than 90% of patients
with autoimmune thyroiditis, but their relevance to thy-
roid irAE pathogenesis is poorly characterized (6). The clin-
ical course of thyroid irAEs often mimics painless sporadic
thyroiditis, a subtype of autoimmune thyroid disease (AITD).
Thyroid irAEs are associated with higher TPOAb and TgAb
positivity rates relative to the general population, but do not
approach the 90% prevalence observed in AITD and there-
fore irAE pathogenesis cannot be solely antibody related (7-
10). In our study, all but one patient with positive TPOAb or
TgAb went on to develop thyroid dysfunction, although all
patients with thyroid irAEs did not have positive antithyroid
antibodies. It may be that a subgroup of thyroid irAE patients
with positive TPOAbs or TgAbs are predisposed to AITD,
which is unmasked following inhibition of immune check-
points important for the maintenance of self-tolerance in the
thyroid (11). This is supported by other studies showing early
onset of thyroid irAE in antibody-positive patients (10, 12).

IrAEs correlate with improvements in PFS and OS in
immunotherapy-treated cancer patients (13). Thyroid irAEs
are often less severe than irAEs in other organ systems but
have also been shown to be associated with improved cancer
survival, particularly when thyroid dysfunction is overt (4, 14-
17). Limited data have been published on the importance of
antithyroid antibodies with respect to PFS and OS. A retro-
spective analysis of 137 patients with advanced non-small
cell lung cancer treated with programmed cell death protein-1
(PD-1) inhibitors did not find improved OS or PFS in patients
with positive antithyroid antibodies (18). However, TPOAb
and TgAb were associated with improved PFS and OS in pa-
tients with levels above compared to below the median value
in a second cohort of 168 anti—-PD-1-treated patients (16). Our
previous work in a large cohort of more than 1200 patients
demonstrated that overt thyrotoxicosis irAEs were associated
with increased immune toxicity in other organ systems as well
as improved cancer survival and is hypothesized to be a surro-
gate marker of patients who demonstrate more robust immune
activation following ICI treatment (4). In our present study,
we found higher incidence and titers of TPOAbs and TgAbs
in patients with overt thyrotoxicosis but were not powered to
examine the effect of antibody positivity on cancer survival.
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Dermatologic irAEs and colitis have been associated with
low baseline IL-6 levels or increases in IL-6 during ICI treat-
ment (19, 20). We did not find an association between base-
line IL-6 and thyroid irAEs in our study. This is consistent
with one other study examining the role of IL-6 in thyroid
irAEs (12). However, we did observe a statistically signifi-
cant increase in IL-6 at time of diagnosis in patients who
developed overt hypothyroidism that was not observed with
other thyroid irAE subtypes, potentially supporting our hy-
pothesis that thyrotoxicosis and hypothyroidism arise via
distinct mechanisms in the setting of ICI-associated thyroid
dysfunction.

Strengths of our study include the use of uniformly stored
samples, which were processed together in a single run to
limit analytical variation. Limitations of our study are that
it may have been underpowered to measure associations of
TPOAb and TgAb with overt hypothyroidism. Although nu-
merically TPOADb and TgAb values did increase in patients
with overt hypothyroidism during ICI treatment, samples
were available for only 7 patients. Although highly specific,
TPOAb and TgAb lacked sensitivity, which reduces their
utility as a clinically useful biomarker. Antithyroid antibodies
other than TPOAbs and TgAbs may be involved in the patho-
genesis of thyroid irAEs (21). We did not test nonclassical
antithyroid antibody levels and cannot exclude that they
may have contributed to the development of thyroid irAEs in
antibody-negative patients.

In conclusion, ICI-treatment indications are rapidly ex-
panding and thyroid toxicity is a common side effect of
anti—cytotoxic lymphocyte antigen-4 (anti-CTLA-4) and
anti-PD-1-based treatment (1). Predictive biomarkers will be
important to identify patients at risk of irAEs, and our data
suggest that baseline TPOADb and TgAb are highly specific and
may be useful to identify patients at risk of overt thyrotoxi-
cosis. Prospective studies are warranted to further evaluate
the utility of TPOAbs and TgAbs as predictive biomarkers.
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PERSPECTIVE PEER REVIEWED

Medication-
induced
thyroid
dysfunction
A guide to
management

BRIDGET COOPER MD, BPharm
AYANTHI A. WIJEWARDENE MB BS, FRACP
CHRISTOPHER A. MUIR MB BS, FRACP

Medications can affect thyroid hormone production
and function or interpretation of thyroid laboratory
results. Awareness of these medication effects by

GPs allows for early detection of thyroid abnormalities,
effective monitoring and prompt intervention when
indicated.

* Medications can affect thyroid hormone production

and function, or the interpretation of thyroid laboratory

results.

Patients presenting with thyroid dysfunction should

be asked about the use of medications, including

over-the-counter preparations.

Thyroid stimulating hormone levels should be measured

in all patients before starting a medication that may

cause thyroid dysfunction.

* Prompt investigation and appropriate treatment of
medication-induced thyroid dysfunction is crucial to
limit thyroid-related morbidity.

hyroid hormone synthesis and secretion is regulated by a classic

endocrine negative feedback loop (Figure). However, other factors

can contribute to the development of thyroid dysfunction. For
example, iodine is a crucial component of thyroid hormone synthesis
and iodine deficiency can result in progressive hypothyroidism. Exposure
to large amounts of iodine can also disrupt thyroid hormone homeostasis
and inhibit thyroid hormone production (Wolff-Chaikoft effect) or
stimulate thyroid hormone production independent of thyroid stimu-
lating hormone ([TSH] Jod Basedow effect).!

Numerous medications can cause thyroid dysfunction or interfere
with the interpretation of thyroid function tests (TFTs). Each step
involved in thyroid hormone synthesis, secretion, transport and metab-
olism is susceptible to drug interactions.” Some medications, such as
amiodarone and checkpoint inhibitors, can affect multiple steps in this
process, whereas biotin-containing compounds can interfere with
thyroid function assays resulting in spurious laboratory results.

All patients should be screened for pre-existing thyroid disease by
measuring the TSH level before starting on medications that may cause
thyroid dysfunction. If the TSH level is abnormal, thyroid hormone
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PERSPECTIVE MEDICATION-INDUCED THYROID DYSFUNCTION CONTINUED
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Figure. Hypothalamic-pituitary-thyroid feedback loop. Thyroid
hormone production is controlled by TSH secreted by the pituitary
gland in response to TRH secreted from the hypothalamus. TRH and
TSH are inhibited by thyroid hormone via a negative feedback loop,
which maintains thyroid hormone levels within a relatively fixed range.

Abbreviations: T3 = free tri-iodothyronine; T4 = free thyroxine; TRH = thyrotrophin-releasing
hormone; TSH = thyroid-stimulating hormone.

levels (free thyroxine [FT4] and free tri-iodothyronine T3 [FT3])
and antithyroid antibodies should be measured. In asymptomatic
patients, six-monthly TFT surveillance is sufficient to screen for the
development of thyroid dysfunction.

This review focuses on four important medications — amiodarone,
lithium, checkpoint inhibitors and biotin-containing products — that
may be encountered routinely by GPs in clinical practice.
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Medications that can cause thyroid dysfunction
Amiodarone

Amiodarone causes both hypothyroidism and hyperthyroidism,
which affects 14 to 18% of treated patients.** Amiodarone is comprised
of 37.2% iodine, which is released during its metabolism. A single
200 mg tablet releases 45 times the recommended daily intake of
iodine.*

Amiodarone-induced hypothyroidism typically develops within
six to 12 months of starting treatment.’ Although it can occur in
patients with no underlying thyroid abnormality, the risk is increased
in those with abnormal TSH levels before starting amiodarone
or positive antithyroid peroxidase antibodies.” Treatment of
amiodarone-induced hypothyroidism is with levothyroxine
replacement. After starting levothyroxine, four- to six-weekly thyroid
function monitoring is sufficient, with the goal of normalising the
TSH level over three to six months.

Amijodarone can induce two distinct types of hyperthyroidism,
termed type 1 and type 2 amiodarone-induced thyrotoxicosis.
Differentiation between the two subtypes may be difficult, making
diagnosis and treatment challenging. A simplified algorithm for
screening, diagnosing and managing amiodarone-induced thyroid
dysfunction is shown in the Flowchart.

Type 1 amiodarone-induced thyrotoxicosis

Type 1 amiodarone-induced thyrotoxicosis is caused by increased
synthesis of thyroid hormone. Typically, this develops in patients
with pre-existing or latent subclinical thyroid disease and tends
to occur early after amiodarone is started.® Increased production
of thyroid hormone is attributed to the increased availability of
iodine from amiodarone, which can provoke hyperthyroidism
particularly in the setting of an abnormal gland (e.g. multinodular
goitre).

Radioiodine uptake scans are typically unhelpful in the setting
of amiodarone because of interference from the high iodine load.
However, ultrasound, which usually has no role in the diagnosis of
hyperthyroidism, can be beneficial as increased thyroid vascularity
is suggestive of the diagnosis.” Doppler imaging for assessment of
thyroid vascularity should be stipulated on the imaging request
form, as vascularity is not routinely assessed and may not be reported
if not specifically requested.

A trial of antithyroid medication (carbimazole) is first-line treat-
ment for type 1 amiodarone-induced thyrotoxicosis. The starting
dose depends on the severity of thyrotoxicosis and in severe
cases, doses of up to 15 mg three times daily may be required with
prompt referral of the patient to an endocrinologist.

Type 2 amiodarone-induced thyrotoxicosis

Type 2 amiodarone-induced thyrotoxicosis results from toxic effects
of amiodarone on the thyroid gland precipitating a destructive
thyroiditis. Patients typically have no underlying thyroid disease.®
Clinically, it is characterised by an initial hyperthyroid phaselasting
weeks to months, followed by a hypothyroid phase or recovery of
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Screening, diagnosing and managing amiodarone-induced thyroid dysfunction

Patient starts on amiodarone

Measure TSH level at three months

\/

Normal

\/

Abnormal

| V

Repeat measurement of TSH level elevated
TSH level six-monthly |

\J

TSH level 4-10 miU/L
and FT4/FT3 level normal

\/

TSH level >10 mIU/L;
or TSH level 4-10 mIU/L
and FT4/FT3 level low

v

Amiodarone-induced
hypothyroidism

v

Start levothyroxine
(1 meg/kg/day)

Repeat thyroid function
in one month

Abbreviations: FT3 = free tri-iodothyronine; FT4 = free thyroxine;
TSH = thyroid-stimulating hormone.

/

TSH level suppressed

v

Measure TSH receptor antibody

V |
Positive

v

Graves’ disease

}

Start carbimazole and
consult an endocrinologist

\

Vascularity increased

/

Type 1 amiodarone-induced
thyrotoxicosis

/

Start carbimazole and
consult an endocrinologist

\/

Negative

v

Amiodarone-induced
thyrotoxicosis

v

Arrange a thyroid ultrasound

v

Vasularity normal/decreased

/

Type 2 amiodarone-induced
thyrotoxicosis

/

Start prednisolone and
consult an endocrinologist

normal thyroid function. In contrast to type 1 amiodarone-induced
thyrotoxicosis, oral prednisolone, with doses up to 40mg daily is
first-line treatment.’

Management of amiodarone-induced thyrotoxicosis if
first-line treatment is suboptimal

A significant proportion of patients with amiodarone-induced
thyrotoxicosis have a suboptimal response to initial medical treat-
ment, reported to be up to 48% in one study.’ In these patients, both

type 1 and type 2 amiodarone effects may be present and cotreatment
with antithyroid medication and prednisone should be trialled.
Additionally, in very sick patients or if an ultrasound cannot be
obtained, dual treatment with both carbimazole and corticosteroids
should be strongly considered. Endocrinology input is recommended.
In most cases, there is no immediate benefit to stopping amiodarone
because of its long half-life of about 100 days."* In severe cases or if
there is failure to respond to medical treatment, urgent thyroidectomy
should be considered early.
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Lithium

Lithium causes hypothyroidism in up to 20% of patients through
inhibition of thyroid hormone release from the thyroid gland." It is
important to monitor a patient’s mental state closely, as thyroid
dysfunction may exacerbate or destabilise psychiatric symptoms.
Female sex, age over 40 years and positive thyroid peroxidase
antibodies are associated with increased risk of lithium-related thyroid
dysfunction.”? Levothyroxine replacement (1.0 to 1.5mcg/kg/day)
should be initiated in symptomatic patients with biochemical hypo-
thyroidism (elevated TSH level, low FT4level) and strongly considered
in subclinical hypothyroidism, particularly if the TSH level is over
10 mIU/L, irrespective of FT4 and FT3 levels.

Immune checkpoint inhibitors

Immune checkpoint inhibitors have become standard of care in
multiple cancer subtypes and are now in widespread clinical use. The
most frequently used checkpoint inhibitors include: ipilimumab
(CTLA-4 inhibitor); nivolumab and pembrolizumab (PD-1 inhibi-
tors); and atezolizumab, avelumab and durvalumab (PD-L1 inhibitors).
Treatment with checkpoint inhibitors can be associated with devel-
opment of immune-related adverse events in multiple organ systems,
although the thyroid is particularly susceptible."

Up to 40% of patients treated with checkpoint inhibitors develop
thyroid dysfunction, particularly when PD-1 and CTLA-4 inhib-
itors are used in combination."* Both hyperthyroidism and hypo-
thyroidism can occur. In most patients, no treatment is required,
and checkpoint inhibitors can be continued during the period of
thyroid dysfunction. The most frequent presentation is transient
thyrotoxicosis, developing one to two months after treatment
initiation."* Many of these patients (about 50%) will progress to
hypothyroidism after four to six weeks, which is often permanent.
Levothyroxine replacement should be started in patients with a
TSH level above 10 mIU/L, as the likelihood of recovery in this
setting is rare.!* After the first six months of treatment, annual
testing of thyroid function is sufficient in asymptomatic patients
to identify uncommon cases of late-onset hypothyroidism without
a preceding thyrotoxic phase.”®

Alemtuzumab
Alemtuzumab, a monoclonal antibody used to treat relapsing-
remitting multiple sclerosis, rapidly depletes lymphocytes through
inhibition of its target, CD52, followed by gradual immune recon-
stitution. During reconstitution, autoimmune thyroid disease can
develop in 30 to 40% of patients.”” Median onset of thyroid dysfunc-
tion is about 18 months after treatment, with most presenting within
the first three years.'s

Graves’ disease and associated TSH-receptor antibody positive
hyperthyroidism is the most common manifestation, representing
two-thirds of alemtuzumab-associated thyroid dysfunction.®
However, up to 15% of Graves’ cases can have coexisting blocking
antibodies, and Graves’ disease in this context may present with
a fluctuating course of rapid transition between periods of
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hyperthyroidism and hypothyroidism.'* Endocrinology input is
recommended for patients with hyperthyroidism, as coexistence
of blocking and stimulating antibodies may require a ‘block and
replace’ treatment strategy using both thyroxine and antithyroid
medication.'®

A smaller proportion of patients will develop Hashimoto’s
thyroiditis with hypothyroidism and positive thyroid peroxidase
antibodies.' Following treatment with alemtuzumab, thyroid
function (TSH, FT4, FT3 levels) should be monitored every three
months for the first four years.”” After this period, testing is required
only for patients with signs or symptoms suggestive of thyroid
dysfunction.

Biotin

Biotin is a water-soluble vitamin widely available in nutritional hair
and nail supplements. It can also be found in some treatments for
inherited mitochondrial disorders and multiple sclerosis. The amount
of biotin varies considerably in over-the-counter preparations and
can be as high as 10mg per tablet."® In a recent study, 29% of adults
reported using biotin-containing supplements, with most being in
the form of over-the-counter multivitamin preparations.”

Biotin interferes with biotinylated laboratory reagents used in
TSH, FT4, FT3 and TSH receptor antibody assays.?* The direction
and degree of interference depend on the type of assay used, but low
TSH levels with elevated FT4 and FT3 levels mimicking hyper-
thyroidism occurs most commonly.> TSH-receptor antibody levels
may also be elevated due to biotin use, artefactually suggesting
Graves’ disease. Interference is typically seen with high doses but
can occur with doses as low as 10mg per day.*' GPs should be
suspicious of biotin use in patients with abnormal thyroid levels who
do not have clinical manifestations of thyroid disease. Retesting
48 hours after stopping biotin-containing supplements or contacting
the pathology laboratory to request testing for biotin interference is
recommended.”

Conclusion

The thyroid plays a pivotal role in the regulation of whole-body
metabolism and energy expenditure. Medications can impact on
thyroid function through multiple mechanisms resulting in a
spectrum of thyroid dysfunction. Awareness by GPs of the effects
of these commonly used medications will enhance monitoring,
diagnosis and treatment of drug-related thyroid disorders. In addi-
tion, understanding how drug interactions, such as biotin, can
produce spurious laboratory thyroid function results will reduce
unnecessary imaging and treatment of patients without organic
thyroid disorders. ET
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