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Abstract

Graves’ disease (GD) and its extrathyroidal manifestations such as thyroid-associated
ophthalmopathy (TAO) are thought to result from abnormal activities of pathogenic antibodies
mediated through the thyrotropin receptor (TSHR). At the core of GD is the loss of immune
tolerance to TSHR and the generation of activating antibodies targeting the receptor. This then
leads to the unregulated consequences of the antibody-mediated receptor activity in the thyroid
and in connective tissues such as those inhabiting the orbit. While activating anti-TSHR antibodies
can be detected in most individuals with GD, they appear to be absent or at exceedingly low levels
in a subset of patients with the disease. Recent studies have disclosed the presence of antibodies
that appear to be directed against the insulin-like growth factor-1 receptor (IGF-IR). Their
activities result in post-receptor signaling that is generally associated with IGF-IR. In this brief
article, I have attempted to review the fundamental characteristics of the TSHR, its role in the
pathogenesis of GD and TAO, and its relationship to IGF-IR. Strong evidence supports the concept
that the two receptors form a physical and functional complex and that IGF-IR is required for
some the down-stream signaling initiated through TSHR. Recently developed small molecules and
monoclonal antibodies that block TSHR signaling as well as agents interrupting IGF-IR activation
are also reviewed in the narrow context of their potential utility as therapeutics in GD and TAO.
These agents possess the potential for offering more specific and better tolerated treatments for
both hyperthyroidism and TAO, thus sparing patients exposure to toxic drugs, ionizing radiation
and potentially hazardous surgeries.

Introduction

Development of Graves’ disease (GD) hinges on the central involvement of the thyrotropin
receptor (TSHR) to which immune tolerance has been lost (1). Since the syndrome we now
refer to as GD was first described in the medical literature in the early 19t century, the
curious association between enlargement and over-activity of the thyroid gland and
inflammation and tissue expansion around the eyes has continued to baffle the medical
community. It was not until the discovery of long-acting thyroid stimulator by Adams and
Purves and the demonstration that it stimulated adenyl cyclase activity in the thyroid (2) that
the relationship between TSHR and GD was first recognized. These antibodies are now
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known as thyroid-stimulating immunoglobulins (TSI). In this brief review | have attempted
to provide historical background for the evolving understanding of the physical and
signaling characteristics of TSHR that may help explain its role in the pathogenesis of GD.
An essential aspect of the functional role TSHR plays in health and in GD relates to the
molecular partners with which it associates and which appear to provide important conduits
through which TSHR channels the signals it initiates. Further, the developing concept of
directly and indirectly targeting the receptor protein as a therapeutic strategy in GD is
introduced as well as a proposed roadmap leading from theory to clinical application.

Graves’ disease

GD is a common systemic autoimmune disease where immune tolerance to the TSHR is lost
through as yet unidentified mechanisms. This misrecognition of TSHR results in the
generation of TSIs that target the receptor which is densely displayed on thyroid epithelial
cells (2,3). The clinical hallmark of GD is abnormal growth and over-activity of the thyroid
gland resulting in pathologically high levels of thyroid hormones which in turn enhance
oxygen consumption and metabolism in target tissues. In addition to the effects on the
thyroid, approximately 20% of patients with bona fide GD develop the ocular manifestation
of the disease, known as thyroid-associated ophthalmopathy (TAQO) (3). TAO represents a
process of connective tissue activation and remodeling which can lead to disfigurement and
blindness. In that process, TSIs acting through locally expressed TSHR in tissues peripheral
to the thyroid have been implicated in the inflammation and expansion that occurs within the
boney orbit (1,4,5). Functional TSHR has been detected in orbital fat, extraocular muscles,
and orbital fibroblasts (6,7). Thus there is strong evidence to support the involvement of
TSHR and the actions of TSI in both thyroid over-activity and orbital pathology in GD.

Characteristics of TSHR

The natural ligand for TSHR under ordinary states is TSH, a 27 kDa glycoprotein hormone
produced by the anterior pituitary gland that comprises two dissimilar subunits (8). It
represents the dominant regulator in health of thyroid growth and thyroid hormone
biogenesis. TSH associates with a determinant on the cell membrane. Amir et af first
reported binding of TSH to the plasma membranes of thyroid epithelial cells in 1973 (9).
Their studies disclosed a single class of sites. Further, they found that a correlation existed
between TSH binding and the magnitude of cAMP generation in thyroid epithelial cells. The
calculated Kd was 5 x 1078 M at pH 7.5. Binding to bovine thyroid membranes was specific
in that several related molecules, including growth hormone and prolactin, failed to alter the
TSH binding characteristics. In addition TSI failed to alter the binding of [3H]TSH to
thyroid membranes. These early studies suggested that the binding sites for TSH and TSI on
thyroid plasma membranes were dissimilar. There studies also disclosed that TSH binding to
thyroid membranes could be distinguished from that demonstrated in orbital connective
tissues (9).

Molecular cloning of the TSHR gene was accomplished by Parmentier and colleagues (10).
They isolated a 4.9 kb cDNA encoding a 744 amino acid peptide. Transfection of that cDNA
into Xenopus oocytes and Y1 cells resulted in cells that became responsive to TSH. TSHR
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represents the dominant molecular conduit through which thyroid epithelial cells receive
externally generated, organ-specific signaling, including those that prompt growth and
increase hormone biogenesis (11,12). The receptor protein represents a classical 7
membrane spanning, rhodopsin-like G protein coupled protein. Its structure has been solved
with crystallization studies by the laboratory group of Reese-Smith (13,14). TSHR is a
family member of cell surface receptors that includes luteinizing hormone (LH) and follicle
stimulating hormone (FSH) (11). It comprises a multimeric structure (15,16) with the
ligand-binding site located in the amino-terminus (16). One gene encodes the receptor which
is translated into a single peptide undergoing cleavage into constituent subunits connected by
a disulfide bond (17). The extracellular TSHR domain is cleaved by a cell surface
metalloproteinase the identity of which remains uncertain (17). This cleaved fragment is
particularly immunogenic and its characteristics are likely to proximally underlie generation
of TSI (15). The multimeric structure of the TSHR drives affinity maturation of the
pathogenic autoantibodies in GD (15). Rearrangement of the interface between the
extracellular domain-extracellular loop 1 appears to be critical to ligand-dependent receptor
activation (18). TSIs mimic the actions of TSH and in so doing “fool” the TSHR into
initiating signaling the epithelial cell to generate excessive amounts of thyroid hormones that
in turn cause thyrotoxicosis through their exaggerated actions on target tissues (19). It would
appear that the signaling patterns utilized once TSHR is activated by TSls are similar to
those resulting from the actions of TSH but these are not identical (20,21). In addition to
anti-TSHR antibodies that stimulate the receptor, others either block receptor activation or
are neutral and assays are being developed to determine their levels in serum (22). It is
important to stress that the same individual with GD can produce simultaneously both
stimulatory and blocking antibodies, accounting perhaps for the rapid transition from
hyperthyroidism to hypothyroidism observed in some patients. While the critical epitopes
for ligand recognition and receptor activation have been identified, certain aspects of the
molecular interactions between TSH and TSHR remain to be clarified.

A notable characteristic of TSHR is its behavior in the absence of bound ligand. Unligated
wild-type TSHR exhibits constitutive activity (23). This ligand — independent activity results
in the stimulation of G proteins and the generation of CAMP. The constitutive activity from
gain of function TSHR mutations can exert significant clinical relevance, such as that
occurring in the case in toxic thyroid nodules (24). Such mutations can result in
hyperthyroidism and its metabolic consequences in peripheral target tissues, thyrotoxicosis
(25). Among the mutations thus far identified that result in gain of function are 1568—T,
A623—1, and S281—1 (26-29).

Post-receptor signaling

The signaling downstream from TSHR is complex. The receptor can interface with multiple
G protein subtypes. Gs-induced signaling is of primary importance in the regulation of
thyroid function (30). It involves several distinct pathways known to crosstalk. It is of
considerable mechanistic interest that the pattern of signal pathway activation following TSI
binding to TSHR diverges from that observed with TSH (21). This could potentially allow a
higher degree of specificity when targeting pathological events emanating from the receptor
from those driven by physiological processes. Greater detail concerning post-receptor events
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would undoubtedly allow identification of additional therapeutic targets beyond those
currently identified. These include the potential roles of proteins that associate with TSHR.
Among these are the f arrestins (31,32), versatile adaptor proteins that are involved in
receptor internalization, desensitization, assisting receptor uncoupling from downstream
targets, and facilitating receptor interactions with clathrin-coated pits. p-arrestins are capable
of protein complex formation and though these aggregations are involved in the transduction
of post-receptor signaling (31,32). Germaine to the discussions here are the putative roles of
B-arrestins in the functions of both G protein coupled receptors (33) and insulin-like growth
factor-1 receptor (IGF-IR) (34).

Evidence for molecular collaboration between TSHR and IGF-IR

IGF-1 and its cognate receptor, IGF-IR, are family members of a group of molecules that
play critical roles in diverse biological functions such as growth, cellular metabolism, and
immunity (35). IGF-IR is a tyrosine kinase receptor that spans the plasma membrane and
interfaces with several down-stream signaling pathways, leading to the regulation of a wide
array of target genes (36,37).

Detection of anti-IGF-IR antibodies in GD can be traced to the early work of Weightman et
al (38) who demonstrated that immunoglobulins from patients with GD (GD-1gG) could
displace specific binding of radiolabeled IGF-1 to the surface of orbital fibroblasts. Those
studies failed to identify the binding site to which the 1gGs and IGF-1 were competing but
they were among the very first to implicate the IGF-I pathway in the disease. A decade later,
Pritchard et a/ reported that GD-1gGs but not those from healthy controls could upregulate
the expression of chemokines in orbital fibroblasts (39). Those studies demonstrated that
IGF-IR was over-expressed in orbital fibroblasts from patients with GD. Further, the
FRAP/AKt/mTOR/p70S6k pathway was involved in downstream signaling and the activation
by GD-IgG of chemokine expression in orbital fibroblasts from these patients, including
IL-16 and regulated on activation, normal T cell expressed and secreted (CCL5, RANTES)
(40). The signaling provoked by GD-I1gG could be attenuated by treated cultures with the
specific IGF-IR antagonist, 1H7 and by transfecting cells with a dominant negative IGF-IR
(39).

A relationship between the TSHR and IGF-IR pathways was suggested several decades ago
when Ingbar and colleagues found that IGF-I could enhance certain actions of TSH while
abrogating others in cultured thyroid epithelial cells (41). IGF-I was found to synergistically
augment the mitogenic effects of TSH. In contrast, it could attenuate the induction by TSH
of specific gene expression. Interrupting the expression of IGF-IR in thyroid results in a
relative insensitivity of that gland to circulating TSH (42). On the other hand, over-
expression of IGF-IR results in amplification of TSH action /n vivo (43). Thus it would
appear that IGF-1 and its pathway appear to modify the activities of the TSH pathway. A
great deal of uncertainty existed regarding the molecular basis for the interactions between
the two pathways. Tsui ef af reported that TSHR and IGF-IR form a physical and functional
complex in thyroid tissues, orbital fat, and in fibroblasts (44). This same group detected what
appears to be a fragmentation of IGF-IR into polypeptide sequences containing the alpha
and beta subunits (45). Apparently, the metalloproteinase, ADAM17 is involved because a
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small molecule inhibitor of the enzyme could block receptor fragmentation. IGF-IRa can be
detected translocating into the cell nucleus of fibroblasts derived from patients with GD
(45). In contrast, IGF-IRp co-localizes with TSHR and appears to mediate the signaling
initiated by TSHR that culminates in downstream activation of the Erk and FRAP/
mTor/Akt/p7058k pathways (44). The actions of TSH, TSI, IGF-1 and GD-1gG can be
attenuated with IGF-IR inhibiting antibodies. The dependence of TSHR-initiated signaling
on IGF-IR has been confirmed recently by another laboratory group (46). This set of
findings concerning the relationship between TSHR and IGF-IR and specifically the
apparent transactivation by TSHR of IGF-IR has triggered exploration into whether blocking
IGF-IR might result in clinical benefit to patients with TAO.

Newly developed molecules for directly interrupting TSHR function

In GD, antibodies of the IgG1 class directed against TSHR are generated as a consequence
of the autoimmune reactivity underlying the disease (47). These have been characterized
extensively. Their detection in the majority of patients with GD and their central role in
mediating hyperthyroidism have provoked substantial interest in better understanding their
interactions with TSHR protein. Coupled with their relatively recent implication in the
pathogenesis of TAO, strategies for interrupting their actions make them attractive potential
therapeutic targets. To this end, antibody and small molecule approaches for blocking TSI
binding and activation of TSHR have been explored in recent years. Both strategies offer
potentially effective means of selective therapeutic targeting the receptor in disease states
with a relatively high degree of specificity when compared to the current means of medically
treating hyperthyroidism. Further, these approaches might replace the need for definitive
treatments and thus sparing exposure to ionizing radiation and surgery. Much has been
learned from the detailed characterization of the agonistic antibodies generated against
TSHR as well as those that inhibit ligand binding and thus block the actions of TSls and
TSH. Some antibodies act as inverse agonists, so designated because they inhibit the
constitutive activities of TSHR (48). For instance, monoclonal antibodies that bind several
regions of the receptor, including those comprising amino acids 32-41, 36-42, 246-260,
277-296, and 381-385 can block TSH binding in the ligand-binding pocket (49). On the
other hand, several mouse mAbs, including B2 (50) and CS-17 (51) are effective at blocking
TSH binding and TSHR activation. Human TSHR-blocking mAbs isolated from patients
with autoimmune thyroid disease (52) were first reported when 5C9 was found to inhibit
receptor activation by TSH and TSI and to attenuate basal receptor activity (53). Another
antibody, K1-70 derives from a patient demonstrating both TSHR activating and blocking
activity (54). Many of these antibodies have been characterized and have been found to
possess high affinities for the TSHR (in the 100 picomolar range). Further, they can inhibit
the activities of TSH and patient sera to stimulate cAMP generation. In addition to their
ability to block ligand binding and thus ligand-dependent TSHR activity, some of the
blocking antibodies can inhibit the activity of unligated TSHR. 5C9 appears to represent an
example of that type of blocking antibody (53). This antibody blocks constitutive activity of
wild-type TSHR as well as receptor harboring gain of function mutations such as those at
I1568—T, adenosine A623—1, S281—1 (55). These insights into the structure and function
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of TSHR have allowed the initial efforts directed at targeting the protein therapeutically as a
putative strategy for treating certain forms of hyperthyroidism and GD.

Small molecule TSHR antagonists

Development of small molecules as cell-surface receptor antagonists can offer specific
advantages as potential therapeutics. Small molecule agonists and antagonists of TSHR have
been described in the recent past, in large part coming from the laboratory of Gershingorn
and his colleagues. Jaschke et a/reported a small molecule a partial agonist termed
Org41841, a molecule that binds to transmembrane domains of TSHR and the luteinizing
hormone/chorionic gonadotropin receptor (56). This molecule was modified subsequently to
yield NIIDDK/CEB-52 which exhibited inhibitory activity toward the actions of TSH and
TSls in primary cultures of human thyrocytes (57). These authors subsequently generated
two additional small molecule agonists with high selectivity and potency (58). These
molecules also bind to the TSHR transmembrane domain. In thyrocyte cultures, they could
mimic the actions of TSH in inducing the expression of several downstream thyroid-specific
genes. The molecules could be administered orally to mice and resulted in increased thyroid
iodine uptake and elevated serum thyroxine concentrations (58). The inverse TSHR agonist,
NCGC00161856 inhibits basal and TSH-dependent cAMP generation in HEK-EM 293 cells
(59). This inhibition of TSH action was competitive. The molecule was shown to attenuate
constitutive expression of TSHR, thyroperoxidase, thyroglobulin, and sodium iodide
symporter in thyroid epithelial cells and has broken new ground as a small molecule reverse
agonist for TSHR. A subsequent report from this lab group demonstrated that the agonist
could also inhibit basal levels of cAMP, pAkt, and hyaluronan accumulation in orbital
fibroblasts (60). Other studies, also in orbital fibroblasts, have revealed that the antagonist,
NCGC00229600, could block the actions of the monoclonal mAb TSHR agonist, M22 and
TSH (61). A subsequent report contained studies including 30 different sera, each from a
different patient with GD tested in HEK-EM 293 and primary human thyrocytes (62).
NCG00229600 acted as an allosteric competitor of TSH and inhibited cAMP generation
provoked by all patient sera tested as well as the basal and TSI-dependent induction of
thyroperoxidase. NCG00229600 attenuated the increased cCAMP generation provoked by
M22 and TSH in orbital fibroblasts that had been differentiated into adipocytes. ANTAG3, a
TSHR antagonist exhibiting activity /n vivo, was administered orally to female BALB/c
mice and was found to reduce serum levels of protein unbound (free) T4 and to dampen the
expression of thyroid proteins in mice treated with thyrotropin releasing hormone (63). The
effects were selective in that considerably higher doses were required to reduce the activities
of luteinizing and follicular stimulating hormone receptors. Thus an array of small
molecules and their derivatives have recently been developed that can act as agonists and
antagonists of TSHR. With regard to the agonists, they might possess clinical utility in
stimulating residual thyroid cancer. The antagonists could prove useful in treating conditions
such as thyroid nodules with underlying gain of function TSHR mutations and in GD and
TAO by virtue of the ability to attenuate thyroid activation provoked by stimulating
antibodies..
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Blocking IGF-1R may allow therapeutic alternatives to attenuate TSHR-
mediated events
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Several lines of investigation have suggested that the TSHR and IGF-IR pathways cross-talk.
Moreover, it would appear that complete and robust signaling downstream from TSHR
depends on uninterrupted IGF-1R function (44,64). Thus strategies for blocking IGF-IR
have emerged as attractive candidates for the therapy of GD by virtue of their ability to
attenuate pathological signaling through both TSHR and IGF-IR pathways. That insight
emerged from the studies published by Tsui and colleagues where they described that
treating orbital fibroblasts from patients with TAO with the IGF-IR-blocking monoclonal
antibody, 1H7 could attenuate activation by rhTSH and 1gGs from patients with the GD of
the downstream kinase, Erk (44). This was followed up several years later with confirmatory
studies again demonstrating the dependence of TSHR signaling on IGF-IR (46). An example
of the exploitation of these fundamental biological insights is the road to clinical translation
of the fully human IGF-IR blocking antibody, teprotumumab (65) as therapy for GD and
TAO. This antibody has recently been evaluated for safety and efficacy in the treatment of
moderate to severe, active TAO in a phase 2 double masked, placebo controlled prospective,
multicenter trial [http://clinicaltrials.gov/show/NCT01868997]. It has been shown capable of
blocking the actions of IGF-1 and both TSH and pathogenic TSls in bone marrow-derived
fibrocytes in vitro (64). A major barrier to therapeutically targeting the IGF-IR pathway in
TAO is the potential for side effects. These can be anticipated because of the wide array of
normal physiological function that this pathway is involved in regulating, including growth
and metabolism. The structural similarities shared by IGF-IR and the insulin receptor make
the selective modulation of each difficult but not impossible.

Conclusions

Many G protein coupled receptors have been targeted by the pharmaceutical industry as
putative therapies for human disease. Rationale underlying this strategy rests from the
numerous mutations detected in this family of receptors, including those identified in tumor
cells (66). Should agents specifically targeting the TSHR fully mature after preclinical
development and their successful navigation through informative clinical trials, their
potential as therapeutics for hyperthyroidism and GD should become known. To gain
registration with the United States Food and Drug Agency and/or its foreign regulatory
agency equivalents, it will be necessary for these agents to demonstrate their safety when
applied to a large patient population. Further, they must exhibit clear superiority over
antithyroid drugs, radioiodine ablation and surgical thyroidectomy. With regard to TAO, they
will need to negotiate the landscape of emerging biological agents, including those targeting
the IGF-IR, the IL-6 pathway, and B lymphocytes. On the other hand, molecules such as
those directly blocking the activation of IGF-IR may offer substantial benefit in treating
moderate to severe, active TAO. Should these developments yield useful agents, their
availability may usher in a new era in the treatment of GD and TAO.
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