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Abstract

Thyroid-associated ophthalmopathy (TAO) remains a vexing autoimmune component of Graves’
disease that can diminish the quality of life as a consequence of its impact on visual function,
physical appearance and emotional well-being. Because of its relative rarity and variable
presentation, the development of highly effective and well-tolerated medical therapies for TAO has
been slow relative to other autoimmune diseases. Contributing to the barriers of greater insight
into TAO has been the historical absence of high-fidelity preclinical animal models. Despite these
challenges, several agents, most developed for other diseases, have found their way into
consideration for use in active TAO through repurposing from their original purposes. Among
these, teprotumumab is a fully human monoclonal antibody that acts as a p- arrestin agonist of the
insulin-like growth factor I receptor. It has shown remarkable effectiveness in moderate to severe,
active TAO in two completed multicenter, double masked, and placebo controlled clinical trials.
The drug exhibits a favorable safety profile. Should teprotumumab become approved by the U.S.
F.D.A, it may rapidly become the first line therapy for this disfiguring and potentially blinding
condition.
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1.0 Introduction

Thyroid-associated ophthalmopathy (TAO, aka Graves’ ophthalmopathy/orbitopathy or
thyroid eye disease) is a disfiguring, potentially blinding autoimmune component most
frequently associated with Graves’ disease (GD) but also occurring in patients with
Hashimoto’s thyroiditis (Figure 1) (1-3). In both instances, it is presumed to represent a
consequence of similar if not identical autoimmune processes occurring within the thyroid
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gland. Lack of a more complete understanding of TAO has been delayed by the wide
variations in clinical presentation seen in afflicted patients. In addition, many aspects of the
disease (i.e. eyelid swelling, redness, dry eye symptoms) are shared with other ocular
disease processes, some of which occur with far greater frequency. The long-standing
absence of high-fidelity preclinical models of TAO in which to study disease
pathophysiology and test candidate therapeutics has also proven to represent an important
barrier; however, recent developments in generating small animal models represent
significant improvements (4). Uncertainty surrounding many aspects of disease development
has in turn severely constricted development of specific, targeted medical therapies which
have proven safe and effective in adequately-powered, prospective, and placebo-controlled
clinical trials. To date, no medical therapy has achieved registration by the U.S. Food and
Drug Administration. But the insights gathered in recent years concerning disease
development has led to recent identification of plausible therapeutic targets for TAO. In this
brief, focused review, | have attempted to provide an overview of the current understanding
of the mechanistic underpinnings of TAO, how it is diagnosed, and to identify both current
therapeutic options and those emerging treatments in various stages of development for this
vexing disease.

1.1 Pathogenic mechanisms

The basis for thyroid-centric GD and TAO is thought to be shared by the two anatomically
dispersed components of the disease and revolves around the thyrotropin receptor (TSHR)
(Figure 2) (5). TSHR becomes targeted by pathogenic antibodies that uniquely in GD
activate the receptor and result in dysthyroidemia (6). Like other autoantigens,
immunoreactivity to TSHR is initiated as the consequence of defects of either central or
peripheral tolerance (or both). More complete understanding the loss of immune tolerance to
TSHR in GD has been the focused topic of inquiry for many years and substantial advances
have been reported recently (7). It appears, based on studies conducted in hTSHR/
NOD.H2™ transgenic mice, that the availability of TSHR A-subunit protein is important to
the generation of pathogenic anti-TSHR antibodies in GD (8). But the generation of anti-
TSHR antibodies represents only one aspect of the autoimmunity against TSHR. Further,
while these receptor-targeting IgGs can be identified in a majority of patients with active
TAO (9), they cannot be detected in a small fraction of those individuals affected by GD,
some of whom exhibit severe ocular disease (10,11). This raises the important question of
whether another autoantigen might also play a role in the development of TAO. Antigen-
specific autoreactive T cells are also generated and their roles in disease development
include their endorsement of B cells and the production of 1gG1 antibodies. While these
TSlIs engage TSHR, activate signaling, and increase hormone production and thyroid gland
volume expansion (2), their consequences within orbital connective tissues and extraocular
muscles remain uncertain. Further, the roles of T cells infiltrating the TAO orbit remain to be
fully understood but they likely participate in the tissue activation and remodeling
characteristic of the disease. Access to orbital fibroblasts from patients with TAO has
allowed investigation into the effects of TSH and TSI on these cells in vitro (12-14). But
while these studies in several laboratories have yielded much useful information, they are
inherently limited, as are all such experimental models with isolated cells and especially
those maintained in monolayer. Three-dimensional organoid culture models of orbital
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fibroblasts might represent an improvement but their importance has yet to be established
(15). TSHR displayed on these fibroblasts and the closely related cells coming from the
bone marrow, known as fibrocytes, can initiate the induction of multiple cytokines, including
IL-1 receptor antagonist, IL-6, 1L-8, and IL-12 (14,16-18). But the absence of high-fidelity
mouse models has deprived investigators of the experimental systems that have propelled
major advances in other diseases, especially those with an uncertain molecular basis.

1.2 Orbital fibroblasts as major effector cells in TAO

Heterogeneity of fibroblasts derived from many human tissues has been described by several
laboratory groups studying both normal tissue function and the abnormalities associated
with disease (19,20). This is certainly the case with regard to orbital connective tissues and
the fibroblasts that can be outgrown from them(21-24). The orbital fibroblast population can
be divided into discrete subsets; among those are cells surface-displaying CD90 (Thy-1) and
in which this determinant cannot be detected (24). This mixed population can be found in
fibroblast cultures from patients with TAO and those from healthy donors. We have reported
that Thy-1* fibroblasts can differentiate into myofibroblasts when treated with TGF-f and
thus activating the Smad pathway while Thy-1~ cells develop into mature adipocytes when
exposed to PPARy agonists (23,24). Using another set of markers, Douglas et a/ identified
two discrete cellular subsets in the TAO orbit, based on their exhibiting a phenotype
including CD34*CXCR4*Collagen I* display (12). These cells uniformly express relatively
high levels of TSHR and respond to both TSH and TSIs with the production of several
cytokines, including IL-6 and IL-8 (12,14). Another subset comprises cells with the
CD34"CXCR4~Col I phenotype, fibroblasts with very different characteristics from those
the CD34"CXCR4*Collagen I* array of markers. Each subset exhibits distinct patterns of
proliferation and capacity to undergo differentiation. Further, each expresses profiles of
cytokines following activation with TSH and inflammatory mediators such as IL-18. In
contrast to the TAO orbit, fibroblasts from tissues in healthy orbits have a uniformly
CD34"CXCR4~Col I phenotype (12). They display a more uniform morphology under a
variety of culture conditions (25).

The CD34*CXCR4*Col I fibroblasts inhabiting the TAO orbit most likely represent
fibrocytes, cells that originate in the bone marrow, and have infiltrated from the circulation
(26). These cells derive from a monocyte lineage and appear to play important roles in tissue
remodeling and scar formation (27). They share many of the phenotypic and functional
attributes of CD34" orbital fibroblasts, supporting their presumptive identity as the
precursors of those fibroblasts. Fibrocytes have been directly implicated in the development
of fibrosis, a concept aligning well with their capacity to differentiate into myofibroblasts
(23,24,28,29). They promiscuously express the autoimmune regulator protein (AIRE), a
non-canonical transcription factor central to the editing of autoreactive T cells in the thymus
(30,31). AIRE in these fibrocytes supports the expression of several thyroid autoantigens,
including TSHR, thyroglobulin (Tg), sodium iodide symporter, and thyroperoxidase (32,33).
Substantial levels of collagen are synthesized by fibrocytes as well as other components of
the extracellular matrix, which is well-suited to their functions concerning wound healing.
They efficiently present antigens to T cells by constitutively expressing MHC class |1 at high
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levels in addition to several costimulatory molecules (34,35). Fibrocytes prime T cells while
reciprocally depending on those cells for their capacity to undergo differentiation (36).

Like fibrocytes cultured from the peripheral blood, orbital fibroblasts can also participate in
immune regulation by virtue of their expressing MHC Il when treated with interferon -y (37).
The levels of MHC |1 induction are considerably higher in fibroblasts from patients with
TAO than in those from healthy control subjects. This induction can be markedly attenuated
by physiologically relevant levels of glucocorticoids (38). Orbital fibroblasts also express a
myriad of cytokines, especially when activated through the TSHR/IGF-IR signaling complex
(3). IGF-I and 1gGs from patients with GD (GD-IgG) can induce physiologically meaningful
T cell chemoattractants such as IL-16 and regulated on activation, normal T cell expressed
and secreted (RANTES, CCLD5) (39,40). Activation of TSHR displayed on the surface of
these cells results in expression of IL-1B, IL-1 receptor antagonist, IL-4, IL-6, IL-8, IL-12,
and IL-13 (2,3,12,14,16). Thus, orbital fibroblasts possess the capacity to actively participate
in the recruitment of professional immune cells to the TAO orbit and therefore represent
potentially attractive therapeutic targets at multiple stages of disease development.

A critical component of the tissue remodeling occurring in TAO involves the dysregulated
accumulation of hyaluronan (HA) in fatty connective tissues (41). This accumulation can be
attributed to the increased biosynthetic activity of orbital fibroblasts (42). Human fibroblasts,
including those in the orbit, fail to exhibit substantial HA- degrading activity (42,43). Thus,
HA synthesis is likely responsible for the increased abundance of glycosaminoglycan in
TAO. This absence in HA degradation by fibroblasts does not exclude the uncertain potential
for exhibiting hyaluronidase activity by other cells within the TAO orbit, including the
inflammatory cells recruited during the disease process. HA synthesis can be downregulated
in fibroblasts by glucocorticoids (44) whereas thyroid hormones, which inhibit synthesis in
human dermal fibroblasts, fail to alter HA production in orbital fibroblasts (42). Orbital
fibroblasts express all three known mammalian HA synthase isoenzymes (45). Of these
three, hyaluronan synthase 2 (HAS2) is the most abundant and is therefore presumed to be
responsible for most of the HA synthetic activity found in orbital fibroblasts. Orbital
fibroblasts also express an inducible UDP glucose dehydrogenase gene (46) through the
activation of its promoter (47). Accumulating HA in the confines of the bony orbit can be
consequential in that the glycosaminoglycan, when fully hydrated, can directly increase
tissue volume. This expansion can be substantial, leading in some cases to orbital congestion
and to the expulsion of the globe, resulting in proptosis. Further, accumulation of HA
between the intact muscle cells comprising the extraocular musculature can underlie
development of diplopia and can result in compressive optic neuropathy..

1.3 Long-standing autoantigen candidates implicated in TAO

Among the early contributions to the early literature surrounding development of TAO are
the innovative studies conducted by the Kriss group at Stanford (48). He and his colleagues
proposed the potential importance of Tg, a molecule they identified in the TAO orbit and
which they proffered had its origins in the thyroid gland. Their theoretical model appears to
represent the initial effort to integrate the processes involved in GD occurring within the
thyroid and the ocular manifestations of the disease. Their studies remained descriptive and
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other investigators failed to follow their line of investigation for several decades. Much more
recent studies have suggested that Tg can bind to orbital fibroblasts and Marino and
colleagues reported detecting the molecule in the connective tissues of several patients with
TAO (49,50). Detection of Tg in the TAO orbit can now be plausibly reconciled with the
recognition that it is expressed by fibrocytes cultivated from the circulation (32,33) while
much lower levels can be identified in their derivative CD34* orbital fibroblasts. But the
issue of whether Tg plays any role in the pathogenesis of TAO remains an open and as yet
unresolved question.

A shifting focus to the potential involvement of TSHR as an autoantigen shared by the
thyroid and orbit was provoked by the successful molecular cloning of the receptor (5).
Feliciello and colleagues reported soon thereafter detecting TSHR mRNA in orbital tissues
from both healthy donors and those with TAO (51). Its expression in orbital fibroblasts was
subsequently detected (52), suggesting that these cells might be responsive to TSH. Indeed,
IL-6 among other cytokines has been shown to be highly inducible by TSH and GD-1gG at
the gene transcriptional level (14). Further, both TSH and GD-IgG were found to induce HA
synthesis in orbital fibroblasts from patients with TAO (53).

Anti-TSHR antibodies generated in patients with GD and TAO are presumed to play
significant roles in orbital disease development, although the evidence for that involvement
is far more circumstantial than their established roles in thyroid over-activity. Supporting
this widely held view are the correlations thus far identified between the clinical behavior of
TAO and the levels of these antibodies (54). On the other hand, infrequent patients, some
with severe, active TAO, present with undetectable TSIs and TRabs (10,11). The latter
occurrences suggest the possible involvement of another autoantigen, besides TSHR and its
cognate autoantibodies in the development of TAO. Identification of other antigenic
determinants could broaden the potential targets for interrupting the immune responses
occurring in TAO. That prospect led us to explore the potential for involvement of insulin-
like growth factor | (IGF-IR) in the disease.

Implicating IGF-IR in the pathogenesis of TAO

As stated above, anti-TSHR antibodies cannot be detected in a small proportion of patients
with TAO, sometimes with severe, active forms of the disease (10,11). Their absence
suggested to us that another autoantigen besides TSHR might be involved in the
development of TAO. An early study had disclosed autoantibodies in patients with the
disease which could displace IGF-1 binding to the surface of orbital fibroblast derived from
patients with GD (55). A decade later, the relevant binding site was identified as IGF-IR and
subsequent studies showed that GD-1gG could mimic recombinant IGF-1 in inducing
cytokine expression in orbital fibroblasts from patients with TAO whereas fibroblasts from
healthy individuals failed to respond (39,40). These actions of GD-IgG were mediated
through the PISBK/FRAP/MTOR/p70s6k pathway and were sensitive to inhibition with
rapamycin (39). They could be attenuated with either an inhibitory monoclonal anti-IGF-IR
monoclonal antibody (1H7) or by transfecting responding fibroblasts with a dominant
negative IGF-IR (40). In contrast, recombinant human TSH failed to elicit the response in
either TAO fibroblasts or those from healthy donors. Subsequently, Tsui et al demonstrated
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that TSHR and IGF-IR co-localize on the plasma membranes of orbital fibroblasts, thyroid
epithelial cells and orbital fat /n7 situ (56). The receptor proteins were found to co-precipitate,
being pulled out of solution with monoclonal antibodies to either receptor. In addition, the
IGF-IR inhibitory antibody, 1H7, was found to attenuate the downstream signaling initiated
at either receptor. Specifically, 1H7 was found to attenuate the phosphorylation of Erk 1/2
provoked by IGF-I (a positive control), rhTSH and GD-1gG. Thus it appeared that TSHR
signaling was dependent, at least in part, on the activity of IGF-IR (56). The aggregate
findings implicating IGF-IR in TAO, either directly or indirectly, were generated, almost
entirely /n vitro and provided the initial rationale for pursuing development of drugs similar
to teprotumumab as a therapy for the disease. We have consistently acknowledged the gaps
in current understanding of the disease and how disrupting IGF-IR might be eliciting
responses.

In studies similar to those conducted by our laboratory group, others subsequently began to
examine the potential for IGF-IR to play a meaningful role in TAO. Among these studies,
Gershengorn and colleagues have also begun to characterize the relationship between TSHR
and IGF-IR pathways. They have strongly promoted the point of view that activating anti-
IGF-IR antibodies are not generated in GD and TAO, especially those that in some manner
initiate signaling through direct interactions with that receptor protein (57). Their view is
consistent with anti-IGF-IR not playing any role in the pathogenesis of TAO. While their
concept regarding antibodies directly targeting IGF-IR and directly initiating signaling might
ultimately be proven correct, the negative findings from studies conducted in their laboratory
as well as in others relied on assays and experimental conditions that may have precluded
the detection of either canonical or non-canonical IGF-IR signaling. This same group has
recently published the putative role of B arrestin in mediating cross-talk between TSHR and
IGF-IR (58). Those studies and the proximate role of p arrestin are very interesting and may
lead to more granular understanding of the complex interactions between IGF-IR and TSHR.

2.0 Clinical presentation of TAO

Among the currently debated issues concerning GD is whether TAO represents an integral
manifestation of the disease or if the two are distinct but frequently occurring as
comorbidities. In my view, and based on our current level of understanding, GD and TAO
share common etiologic factors but given their often dissociated clinical courses and
divergent severities, may be fairly considered clinically distinct. Difficulties in diagnosing
early TAO stem from its variable presentation and sometimes subtle symptoms and signs.
These often resemble other causes of periocular inflammation (1,59). Conditions such as
seasonal allergies and viral conjunctivitis can bear remarkable resemblance to mild, active
TAO. If the initial diagnosis of GD is made in the absence of TAO, specific clinical features
have been suggested as predictive of future ocular disease development (60). Among these
are tobacco smoke exposure, prolonged hyperthyroidism, extremely high level T3 toxicosis
and relatively high levels of TSH-binding inhibitory immunoglobulins.

The initial presentation of TAO can vary widely. Many patients have already been diagnosed
with hyperthyroidism or will soon be found to harbor abnormalities of thyroid function (2).
Others may develop thyroid dysfunction decades later or may never manifest clinically
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detectable glandular abnormalities. The ocular manifestations can be very subtle, limited to
one or more of the following: dry eye, eyelid retraction and swelling, mild stare, foreign
body sensation, and excessive tearing. Many patients exhibit inflammatory signs of the
upper face. These can resolve, sometimes without treatment or worsen and progress to
clinically significant proptosis, diplopia, optic neuropathy, and/or deterioration of the ocular
surface, the consequence of exposure keratopathy. Most authors agree that the early
recognition of TAO and the initiation of therapies, both local and systemic, can optimize the
clinical outcome. In any event, the early recognition of TAO can represent a diagnostic
challenge.

2.1 Currently available therapeutic options for TAO

Managing TAO, regardless of its level of activity or severity, represents substantial
challenges given the imperfections in assessing the disease and treating it. A major
impediment is the absence of medical therapies that have been proven effective and safe in
large, multicenter, placebo-controlled trials and that have been approved by the U.S. FDA or
analogous regulatory agencies in other countries (61). Among experts who manage patients
are those who forcefully argue that glucocorticoids, administered either by IV pulse or
orally, are effective treatments, the benefits of which might be enhanced with concomitant
orbital radiotherapy (62,63). Many of these advocates refer to steroids as the “gold
standard”. Evidence for continuing to use steroids as “first-line” therapy continues to be
weak. Most studies purporting their value have been uncontrolled and/or were statistically
underpowered. But many of even the most ardent of these “steroid stalwarts” are those now
conceding that better and safer drugs are greatly needed (63). By far, the most frequently
employed systemic therapy in moderate to severe TAO remain glucocorticoids. Their
administration often consists of 12 weekly methylprednisolone infusions where 500 mg is
administered for the initial 6 doses and 250 mg for the remainder (4.5 g total) (64). Among
the most informative studies examining the benefits of steroids was that performed by
Bartalena et a/who examined three different total dosages of IV methylprednisolone (2.25 g,
4.98 g or 7.47 g) (65). These were administered as 12 weekly infusions. Effects of the
steroid on the clinical activity scores (CAS) were assessed at week 12 where transient
benefit was identified to be greatest in those patients receiving the highest dosage. A
clinically inconsequential reduction of 0.6 mm reduction in proptosis compared with
baseline was detected in that treatment group. A drawback to high-dose steroid infusions
relates to its potential hepatic toxicity, which is well-recognized in the literature but can be
under-stressed in practice (66,67). Appropriate precautions must be taken since an
appreciable fraction of patients manifesting severe liver dysfunction from steroids have
histories of viral or autoimmune hepatitis or other forms of liver disease (68). Baseline
studies are recommended by many authorities. Patients can experience at least temporary
relief from steroid dosing; however, symptomatic benefit is frequently transient and many
individuals fail to respond. Of considerable importance, no convincing evidence has thus far
been generated that these agents alter the course of TAO, lessen its ultimate severity as
assessed by proptosis and strabismus, or reduce the need for rehabilitative ophthalmic
surgery. Many authorities in the field believe that meaningful responses to glucocorticoids
are limited to reduction in inflammation, pain and edema, as reflected in an improving CAS.
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Besides steroids, biologics such as those targeting cytokines and B cells have been
introduced into the autoimmune disease space with appreciable success (69). Rituximab, a
monoclonal antibody targeting B cells displaying CD20, has demonstrated effectiveness in
rheumatoid arthritis and systemic lupus erythematosus (70). Several authors had proposed
consideration of rituximab in the therapy of both GD and TAO (71). Several case studies
appeared but none was particularly convincing because of small, inadequate patient numbers
and the lack of appropriate controls (72-74). Finally, results from two trials of rituximab in
patients with moderate to severe TAO were published simultaneously several years ago.
These were performed in separate, single institutions. The studies have left the question of
whether anti-CD20 therapy is effective in TAO. One study compared rituximab to
methylprednisolone and found that the former was more effective in reducing CAS (75). The
other trial was placebo controlled and failed to disclose any differences between rituximab
and placebo in reducing disease activity (76). In neither study was there a meaningful
improvement in proptosis among any of the treatment arms. A recently reported trial
compared the combination of methylprednisolone and mycophenolate to treatment with
methypredniolone as a single agent in 164 patients with moderate to severe, active TAO and
failed to demonstrate convincing benefit of adding mycophenolate to the steroid only
regimen (77). No differences in response at 12 weeks or relapse at 24 and 36 weeks were
seen in the two treatment groups; however post-hoc analysis suggested that mycophenolate
plus methylprednisolone improved the response at 24 weeks compared to the steroid alone.
The IL-6 receptor has been successfully targeted in autoimmune diseases, most recently in
neuromyelitis optica spectrum disorder, with the fully humanized monoclonal antibody,
satralizumab (78). Examination of the anti-IL-6 receptor monoclonal antibody, tocilizumab,
in a cohort of steroid-resistant patients demonstrated superiority compared to placebo in
reducing CAS, measured as change from baseline at 16 weeks (the primary outcome)
(79,80). The study included 32 patients with moderate to severe TAO. Infusions were
administered at weeks 0, 4, 8 and 12. Among those receiving active drug, 93.3% responded
compared to 58.8% of controls (p=0.04). Among the secondary outcomes, patients treated
with tocilizumab experienced a greater reduction in proptosis (1.5 mm reduction versus 0.0
mm in controls, p=0.01) at 16 weeks. This difference was not detected at follow-up,
suggesting that any effect on proptosis might be transient. The enhanced reduction in CAS
coupled with the modest, transient improvement in proptosis compared to placebo suggests
that tocilizimab may represent the most encouraging agent among the aforementioned
candidate steroid alternatives for the treatment of active TAO. But based on the results thus
far reported, none of these candidate agents appears to effectively reduce the severity of TAO
or to offer substantial improvement over steroids.

2.2 Potential therapeutic targeting of TSHR in TAO

Another strategy for attenuating upstream events thought to be involved in TAO concerns the
interruption of TSHR signaling activities. Both small molecule and monoclonal antibody
approaches have been attempted to target the receptor. Recent interest in the broad category
of G-protein coupled receptors has resulted from a better understanding of their protean
involvement in both physiological and pathological processes (81). This certainly applies to
the TSHR. With regard to TSHR agonists, org41841, a partial agonist for both the
leutinizing hormone receptor and TSHR was utilized to demonstrate that small molecules
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could effectively target the TSHR transmembrane domain (82). Whether it or any derivative
molecule might prove useful in preparing patients with thyroid cancer for surveillance and
treatment is uncertain given the compound’s potential for off-target actions. A series of
multiple TSHR agonists exhibiting activity /n vitroand in mice, suggest that they or similar
agents might be developed into drugs (83). TSHR inhibitory small molecules similarly have
exhibited activity, both in cell culture and /n vivo, providing evidence that they might prove
effective therapies in GD (84,85). Among these are molecules that behave as inverse
agonists (86). Several monoclonal antibodies directed at TSHR have also demonstrated
potential as drugs, including both agonists such as M22 (87) and antagonists (88-91).
Perhaps even more exciting than molecules interfering with TSHR signaling are those
strategies designed to restore immune tolerance to that receptor protein. Among these is the
approach described by Jansson et a/ (92) who utilized HLA-DR3 transgenic mice and
administered two TSHR immunodominant region peptides. These animals exhibited
suppressed T cell and antibody responses to the antigen. A phase | study was recently
reported where a mixture of two soluble, synthetic TSHR peptides, designated ATX-GD-59,
were used to treat 10 adult patients with otherwise untreated hyperthyroidism resulting from
GD (93). The therapy appeared to be well-tolerated although issues of their efficacy will
require later stage clinical testing before they can be resolved.

2.3 Results from two clinical trials suggest that anti-IGF-IR monoclonal antibodies may
shift treatment paradigm for active severe TAO

Based on the experimental results amassed over two decades concerning a potential role for
IGF-IR in TAO (39,40,55,56,94,95), an initial phase 2 clinical trial was sponsored by River
Vision examining an inhibitory monoclonal antibody originally developed by Roche/
Genmab for the treatment of solid cancers (96). Teprotumumab is a fully human, 1gG 1 that
acts as a p-arrestin-biased IGF-IR agonist. Clinical studies in several tumor types including
Ewing Sarcoma showed some benefit of teprotumumab in subgroups of patients but the
findings were generally viewed as disappointing (97). In addition, appreciable side effects
were observed with IGF-IR-inhibitors in cancer cohorts which were frequently administered
in combination with other chemotherapeutics. Some adverse events appeared to be specific
for particular agents (98). As a consequence of the perceived barriers toward progress in
further developing these drugs for treatment of cancer, teprotumumab became available for
repurposing to TAO.

A randomized trial of teprotumumab was organized and an experimental protocol developed
between 2010 and 2013. It was designed to assess safety and efficacy of the drug in adult
patients with moderate to severe, active TAO. (Figure 3) The trial involved 15 performance
sites in North America and western Europe (99). Patients were enrolled between 2 July,
2013 and 23 September, 2015. A total of 112 patients underwent screening which required
one to three visits during which inclusion and exclusion criteria were assessed. Inclusion
criteria included recent onset of TAO (developed within 9 months of earliest ocular signs and
symptoms), CAS > 4 points on a 7-point scale, no history of previous immunotherapy with
rituximab, cumulative systemic glucocorticoid steroid for TAO < 1 gram with a 6-week
washout period, and no history of ophthalmic surgery for TAQ. Eighty-eight patients were
randomized to one of the treatment arms. Forty-five patients received placebo and 42 were
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assigned to receive active drug. Thus, 87 patients comprised the intention-to-treat (ITT)
cohort. Clinical assessments were conducted at baseline and every three weeks during the
next 24-week treatment phase. Efficacy was determined at week 6, 12, 18 and 24. Primary
and secondary endpoint responses were determined at week 24. An aggregate primary
response included reduction in CAS = 2 points and reduction in proptosis = 2 mm, both
assessed in the study (more severely affected) eye. This response had to occur in the absence
of a similar worsening in the fellow (contralateral) eye. Secondary responses included
reduction from baseline in CAS = 2 points and reduction in proptosis = 2 mm measured as
independent variables, improvement in strabismus and quality of life score using a validated
survey questionnaire (GO-Qol) (100). Patients were stratified with regard to smoking status.

Thirty-seven patients (88%) in the Tepro arm completed the intervention phase while 39
(87%) did so in the placebo group. Baseline proptosis, CAS and GO-QoL were identical in
the two treatment arms. With regard to the primary outcome, 9/45 (20%) of those receiving
placebo versus 29/42 (69%) of those in the Teprotumumab cohort met the aggregate primary
response at week 24 (p<0.001). The time to first response was shorter and the fraction of
patients achieving response was greater in the teprotumumab group at weeks 6, 12 and 18
(p<0.001 at every time point). Thus, the effects of Teprotumumab appear to be very rapid.
When graded, the primary response levels were greater in the Teprotumumab arm than those
in placebo cohort; more patients receiving Teprotumumab had proptosis reductions of >3
mm and reductions of CAS = 3 points. With regard to the secondary endpoints, reduction in
CAS and proptosis, measured as continuous variables from baseline, was substantially
greater in the teprotumumab group (p<0.001). While 17/42 patients receiving teprotumumab
experienced a reduction in proptosis = 4 mm at week 24, 0/45 patients receiving placebo
exhibited this level of proptosis reduction. CAS reduction was also greater and more rapid in
the teprotumumab-receiving group and the differences from placebo were significantly
different at every time point. Teprotummumab appears to be effective in mitigating other
aspects of the disease. Secondary endpoint responses such as improvement in diplopia and
the visual functioning subscale of GO-QoL were also highly significant in the
teprotumumab-treated patients compared to placebo-receiving controls (p=0.009 and
p<0.001 at week 24, respectively). Thus, results from this initial trial strongly suggest that
teprotumumab may meaningfully alter the clinical course of TAO and therefore may become
a useful strategy for managing active disease. Initial assessment of the durability of the
clinical benefit suggests that a sizable patient group so treated and experiencing a response
may have sustained benefit (101-103). The safety profile exhibited by teprotumumab in the
phase 2 trial is promising. Several patients in the active treatment arm experienced auditory
changes; however, these were transient. Other subjects with diabetes mellitus diagnosed
prior to study participation required upward adjustment of their diabetes medications.
Several patients in the teprotumumab group experienced grade 2 or 3 hyperglycemia.
Importantly, the need for these increased dosages disappeared following the end of the
treatment phase of the study. Other side effects observed included muscle cramps, 1 patient
developed suspected Hashimoto’s encephalopathy and weight loss was observed in 3
patients receiving teprotumumab.

A phase 3 trial has been completed very recently and the topline results have been made
public. This study protocol was similar to that of the phase 2 trial in that 8 infusions of
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teprotumumab or placebo were administered over a 24 week intervention phase but differed
from the initial trial in that the primary endpoint was simplified to a proptosis reduction of >
2 mm in the study eye as assessed at week 24. Secondary endpoints included overall
response of proptosis reduction = 2 mm and at least a 2-point reduction in CAS, and
improved diplopia and GO-QoL scores. All primary and secondary endpoints were met at
week 24 of the treatment phase. Of those receiving Tepro, 82.9% met the primary response
compared to 9.5% of patients receiving placebo (p<0.001). The change in proptosis with
teprotumumab was a mean of —3.32 mm at Week. 78% of the teprotumumab group were
overall responders (CAS reduction = 2 points and proptosis reduction = 2 mm). Significantly
more patients in the teprotumumab group achieved secondary responses. At least one
diplopia grade improvement occurred in 50.0% in the teprotumumab group at week 6
compared to 3.6% of patients receiving placebo. Go-Qol scores improved with
teprotumumab at 6 weeks compared to placebo. A study extension is currently being
conducted where all non-responders, regardless of whether they were in the active drug or
placebo cohort, are qualified for open label treatment with teprotumumab (8 infusions over
24 weeks). With regard to safety, no additional adverse effects were identified in the phase 3
study.

3.0 Conclusions

Despite the currently incomplete understanding of TAQ, recent insights into its pathogenesis
have led to the development of several novel medical therapeutic candidates for active,
moderate to severe disease. Among them are biological agents that target specific molecular
pathways suspected of playing roles in TAO. Based on the results of two double masked,
multicenter, placebo controlled therapeutic trials, teprotumumab, an anti-IGF-IR monoclonal
antibody that behaves as a p arrestin biased agonist has emerged as a promising treatment
for moderate to severe, active TAO with unprecedented effectiveness that may change the
therapeutic paradigm for active TAO. While the drug has not yet achieved registration by the
U.S. FDA at the time of this writing, it remains possible that some patients may achieve
benefit substantial and durable enough as to lessen the need for many remedial surgeries. It
safety profile remains very promising, thus teprotumumab represents a potential first line
therapy that may supplant steroids for this disease.

Practice points

. TAO represents a vexing, disfiguring, and potentially blinding autoimmune
disease

. Current limitation to medical therapeutic options for active TAO

. Glucocorticoids are currently the mainstay of medical therapy but are often

ineffective and associated with side effects

. Newer, more specific drug candidates are on the horizon based on newly
identified, plausible molecular targets, including IL-6 receptor, B cells, TSHR
and IGF-IR
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. Teprotumumab, an IGF-IR inhibitory antibody has shown remarkable
effectiveness and promising safety profile in two multicenter, double-masked,
placebo-controlled trials

Research agenda

. Bring trials of TSHR-targeting agents to late-phase

. Fully develop TSHR re-tolerization programs to full development

. Expand clinical trial program of anti-1L-6 agents to adequate design and size

. Post-approval Stage 4 trials to determine optimal dosing, expand indications

. Continue basic and translation investigation of anti-IGF-IR therapeutic agents to

more fully elucidate mechanism and cellular targets
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Figure 1. Moderate to severe thyroid-associated ophthalmopathy characterized by bilateral
proptosis, periorbital edema, scleral injection, and lid retraction.

From N. Engl. J. Med, Smith T.J. and Hegedus L., Graves’ Disease, 375; 1552-1565.
Copyright © (2016) Massachusetts Medical Society. Reprinted with permission.
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B Theoretical Model of the Pathogenesis of Thyroid-Associated Ophthalmopathy
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Figure 2. Theoretical model of thyroid-associated ophthalmopathy (TAQO) pathogenesis.
CD34™ fibrocytes, monocyte-derived progenitor cells coming from the bone marrow,

circulate in Graves’ disease at higher abundance than in healthy control individuals.
Fibrocytes express the thyrotropin receptor (TSHR), thyroglobulin, thyroperoxidase and
sodium-iodide symporter. They constitutively express Class Il major histocompatibility
complex (MHC) and present antigens to T cells. They can differentiate into CD34*
fibroblasts, myofibroblasts, and adipocytes. Many of the genes expressed by fibrocytes are
detected at considerably lower levels in CD34™ fibroblasts. When activated, CD34*
fibroblasts generate several pro-inflammatory or anti-inflammatory cytokines, including
interleukins 1B, 6, 8, 10, 12, 16, tumor necrosis factor a, and regulated on activation, normal
T expressed and secreted (RANTES), CXCL-12 and CD40-CD154. Orbital fibroblasts
display insulin-like growth factor-I receptor (IGF-IR) on their cell surfaces. Orbital
fibroblasts express three mammalian hyaluronan synthase isoenzymes and UDP glucose
dehydrogenase and synthesize hyaluronan, the glycosaminoglycan associated with
expanding orbital tissue in TAO. From N. Engl. J. Med, Smith T.J. and Hegedus L., Graves’
Disease, 375; 1552-1565. Copyright © (2016) Massachusetts Medical Society. Reprinted
with permission.
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Figure 3. Phase 2 trial design, patient disposition and responder analyses.
(Panel A) Patients who met primary inclusion criteria for disease onset < 9 months and

clinical activity score = 4 were entered into the screening phase of the study. At the baseline
visit, patients meeting all inclusion and exclusion criteria were randomized to receive
teprotumumab or placebo. Teprotumumab was administered as 8 1V infusions, given at 3
week intervals over 24 weeks. Placebo was IV saline. (Panels B-D) Primary endpoint was a
logistic regression on responder status at Week 24. Responders were defined as patients who
had reduction in proptosis of =2 mm AND reduction in clinical activity score of =2 in the
study eye. (Panel B) The time to first response (i.e. for meeting responder criteria); data are
expressed as mean + SE. (Panel C) Time course for patients meeting responder criteria.
(Panel D) Grading of Week 24 responders; p <0.001 obtained from a logistic regression
model. From N. Engl. J. Med, Smith T.J., Kahaly GJ, Ezra DG, Fleming JC, Dailey RA, et
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al, Teprotumumab for Thyroid-Associated Ophthalmopathy, 376:1748-61. Copyright ©
(2017) Massachusetts Medical Society. Reprinted with permission.
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Figure 4. Secondary efficacy endpoints in the phase 2 trial; time course of changes in proptosis,
CAS and GO-QoL as continuous variables, and responders achieving CAS 0 or 1 and grade
changes in subjective diplopia.

(Panel A) Proptosis change from baseline. (Panel B) CAS (7-component scale) change from
baseline. (Panel C) Post-hoc analysis; time-course of percentage of patients achieving CAS
of 0 or 1. (Panel D) GO-QoL Visual Function change from baseline. (Panel E) GO-QoL
Appearance change from baseline. (Panel F) Subjective diplopia responders. Quality of life
was evaluated using the Graves’ ophthalmopathy quality of life scale (GO-QoL), comprising
two subscales each with a range of 0-100, where a change of 8 points is considered
clinically relevant. Subjective diplopia was assessed where patients are categorized into four
grades, and a change =1 grade is considered clinically relevant. From N. Engl. J. Med, Smith
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T.J., Kahaly GJ, Ezra DG, Fleming JC, Dailey RA, et al, Teprotumumab for Thyroid-
Associated Ophthalmopathy, 376:1748-61. Copyright © (2017) Massachusetts Medical
Society. Reprinted with permission.
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