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Thyroid-associated ophthalmopathy (TAO) has remained a vexing and poorly managed
autoimmune component of Graves’ disease where the tissues surrounding the eye and in
the upper face become inflamed and undergo remodeling. This leads to substantial facial
disfigurement while in its most severe forms, TAO can threaten eye sight. In this brief
paper, I review some of the background investigation that has led to development of
teprotumumab as the first and only US FDA approved medical therapy for TAO. This novel
treatment was predicated on recognition that the insulin-like growth factor I receptor plays
an important role in the pathogenesis of TAO. It is possible that a similar involvement of
that receptor in other autoimmune disease may lead to additional indications for this and
alternative insulin-like growth factor I receptor-inhibiting strategies.

Keywords: autoimmune, insulin-like growth factor I receptor, monoclonal antibody, Graves’ disease, thyroid-
associated ophthalmopathy, connective tissue
INTRODUCTION

Thyroid-associated ophthalmopathy (TAO), also known as thyroid eye disease or Graves’
orbitopathy, remains a vexing disease process most frequently occurring in individuals with
Graves’ disease (GD) (1). Less commonly, TAO can occur in patients with Hashimoto’s
thyroiditis. Autoimmunity similar to that found in the thyroid is presumed to underlie TAO,
although responses to the specific autoantigen(s) in the two tissues may not be identical. The
medical treatment of TAO has been woefully inadequate, in large part as a consequence of our poor
understanding of its pathogenesis. Thus, until very recently, no drug had been approved by the U.S.
Food and Drug Administration (FDA) for TAO. TAO can present with a variety of physical signs
and symptoms, many of which are shared with other more common diseases of the tissues
surrounding the eye. In this brief review, I attempt to provide the historical background
underpinning efforts to identify an effective and safe medical therapy for TAO. That direction of
study has yielded substantial evidence for meaningful involvement of the insulin-like growth
factor-I receptor (IGF-IR) in the development of TAO (2). At the heart of this evidence is the over-
expression of IGF-IR by orbital fibroblasts, T and B cells (3–5), the generation of autoantibodies
targeting the receptor in patients with GD (3, 6), and the apparent physical and functional
collaboration between IGF-IR and the thyrotropin receptor (TSHR) (7). Based nearly entirely on a
series of studies conducted in vitro, a b arrestin-biased agonist that acts as an IGF-IR inhibitor,
teprotumumab, now marketed as Tepezza, was repurposed from its initially intended clinical use as
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Smith Teprotumumab in TAO
an anti-neoplastic agent, to its consideration as a medical therapy
for TAO (8). On the strength of two successful clinical trials
involving patients with active, moderate to severe disease,
teprotumumab has recently been approved by the FDA for use
in TAO (9). This approval has therefore ushered in to clinical
practice a new era for medically managing this serious and
historically underserved manifestation of thyroid autoimmunity.
CURRENT UNDERSTANDING OF TAO
PATHOGENESIS

A number of key insights have been generated in the recent past
by several laboratory groups across North America and abroad.
At the heart of TAO is the growing and sometimes reluctant
recognition that orbital fibroblasts from diseased orbits (GD-OF)
comprise a heterogeneous cell population and are involved in
pathogenesis as a consequence of the unique presence of CD34+

cells where CD34 indicates a cell phenotype with specific
characteristics (10–14). These cells have been proposed as the
dominant mediators of TAO development by virtue of their
extraordinary responsiveness to inflammatory mediators such as
cytokines and growth factors (15–19) (Figure 1). They express
key promoters of inflammation including both prostaglandin
endoperoxide H synthase 1 and 2, the latter of which is highly
inducible (15, 16, 20, 21) and 15-lipoxygenase (22). We contend
that the identification of CD34+CXCR4+Col I+ fibroblasts in the
Frontiers in Endocrinology | www.frontiersin.org 2
TAO orbit as a discrete subset of GD-OF and their putative
derivation from circulating fibrocytes represents a plausible
explanation for the markedly heterogeneous behavior found
among these disease-derived fibroblasts (14). The aggregate of
these markers identifies fibrocytes and distinguishes them from
fibroblasts and other cell types (23). These cells can undergo
adipogenic differentiation (24). The Thy-1− subset of GD-OF is
particularly susceptible to pro-adipogenic factors while those of
the Thy-1+ phenotype can undergo differentiation into
myofibroblasts through the actions of TGF-b and the
activation of the Smad pathway (25, 26). CD34+ OF exhibit
unique phenotypic attributes which can be attributed, at least in
part, to their promiscuous expression of the autoimmune
regulator protein (27). They synthesize several proteins, the
expressions of which were previously thought to be restricted
to the thyroid, including TSHR, thyroglobulin, thyroperoxidase,
and sodium iodide symporter (28, 29). But the expression of
tissue-specific proteins that behave as autoantigens is not limited
to those relevant to the thyroid. Fibrocytes have also been found
to express those protein antigens implicated in type 1 diabetes
mellitus (29). Fibrocytes cross-talk with T cells, and especially
with those polarized to the Th17 paradigm, the cytokines from
which appear to play important roles in driving orbital
inflammation in TAO (30). IL-17A promotes the expression of
regulated on activation, normal T cell expressed and secreted
(RANTES, CCL5) by orbital fibroblasts, effects mediated through
the CD40/CD154 (CD40 ligand) bridge (31).
FIGURE 1 | Cartoon proposed model of thyroid-associated ophthalmopathy (TAO) pathogenesis. At the center of the disease are orbital fibroblasts which exhibit
particularly robust responses to inflammatory mediators. Among them are CD34+ cells which we propose derive from fibrocytes, monocyte-derived progenitor cells
trafficked from bone marrow. Fibrocytes circulate in Graves’ disease at higher frequency than that found in healthy individuals. When cultivated from the peripheral
circulation, fibrocytes express several thyroid-specific proteins, including thyrotropin receptor (TSHR), thyroglobulin, thyroperoxidase, and sodium-iodide symporter.
They also express Class II major histocompatibility complex (MHC) when unstimulated by interferon g and can present antigens. When exposed to the appropriate
culture conditions, they undergo differentiation into myofibroblasts (through Smad pathway activation by TGF-b) and adipocytes (through the activation of PPAR-g).
Many of the genes expressed by fibrocytes are detected at considerably lower levels in CD34+ orbital fibroblasts. We have found that these lower levels of
expression result from the actions of Slit2. When activated, CD34+ fibrocytes and 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. Both CD34+ and CD34- orbital fibroblasts cell-surface display insulin-like growth factor-I receptor (IGF-IR). Orbital fibroblasts express three
mammalian hyaluronan synthase isoenzymes and UDP glucose dehydrogenase and synthesize hyaluronan, the glycosaminoglycan associated with expanding orbital
tissue in TAO. The vast majority of hyaluronan synthesis occurs in CD34- orbital fibroblasts. 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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GD-OF and fibrocytes have been found to express TSHR (14,
32). This receptor was subsequently found to be functional and
could mediate effects of both TSH and thyroid-stimulating
autoantibodies (7, 14). Activation of several genes, including
those encoding cytokines implicated in the pathogenesis of TAO,
has been reported (19, 33–35). Fibrocytes are trafficked to sites of
tissue injury through several chemokine networks, most notably
the CXCL-12/CXCR4 pathway (36) which is under the control of
TSHR signaling. A potentially important molecular conduit, the
activation of which can influence gene expression in GD-OF, is
the CD40–CD154 bridge (21, 37). Ligation of CD40 displayed on
the surface of these cells results in substantial upregulation of
hyaluronan synthesis and the generation of prostaglandin E2
through the induction of prostaglandin endoperoxide H
synthase 2.
TAO HAS LONG BEEN A DISEASE THE
TREATMENT FOR WHICH EXEMPLIFIES
INADEQUACY

Despite its initial published descriptions, dating to the 19th

century (38), precious little progress had been made in
identifying safe and effective medical therapy for TAO (39, 40).
Of the available medications, glucocorticoids have been the most
widely used. Standardization of their use, including indications,
exclusions, treatment duration, and dosages has yet to be
established with placebo-controlled, prospective, and
adequately powered clinical trials. Some clinicians taking care
of patients with TAO extoll them as the “gold standard”, but the
basis for this often strongly expressed opinion appears to rest on
dubious grounds rather than on firm scientific evidence. Both
oral and intravenous routes of steroid administration have been
advocated. More recent reports suggest that IV pulse may be
more effective and associated with fewer side effects than those
delivered by the oral route (41). But even staunch advocates of
steroid use in TAO typically concede that these agents fail to
consistently provide benefit to patients and that only 50%
respond meaningfully (42). Further, many experts acknowledge
that responses to steroids are essentially limited to amelioration
of inflammatory signs and symptoms. Among the most
informative reports of steroid use in active, moderate to severe
TAO, was that of Bartalena and colleagues (43). They examined
three different cumulative dosages (2.25, 4.98, and 7.47 g)
administered as 12 weekly infusions. Their study demonstrated
that short-term response, as measured by improvement in the
clinical activity score (CAS), was greatest in those receiving the
highest dosage. Patients receiving 7.47 g also showed a 0.6 mm
proptosis reduction at 12 weeks compared to baseline, a result
widely considered to be lacking clinical importance. Evidence
suggests that glucocorticoids in combination with external beam
radiation may be somewhat superior to steroids alone (44–47).
Other agents have been proposed for combination with steroids,
including rituximab, mycophenolate and azathioprine (48–50).
In my view, whether used as a single agent or in combination
with radiotherapy, systemic steroids should play a progressively
Frontiers in Endocrinology | www.frontiersin.org 3
less frequent role in the treatment of TAO. In distinction, locally
administered steroids, such as those delivered in eye drops or
intraorbital injections, may have some utility, especially in mild
but symptomatic disease. Steroid therapy in TAO poses
substantial risk. Given their limited efficacy, these agents are
deemed unsafe since they are associated with several potentially
serious side-effects, including hypertension, bone loss,
psychiatric illness, and peptic ulcer disease. Moreover, high-
dosage intravenous steroids can deleteriously affect liver function
and in rare cases, result in fatal hepatic failure (48, 51, 52).
Having articulated these objections to steroid use, several
biological agents are currently under development or already
have been repurposed for potential use in severe TAO. Among
them tocilizumab, an IL-6 receptor antagonist, has been
subjected to a placebo controlled trial of 32 patients with
steroid-resistant TAO at 10 performance sites in Spain (53).
Drug or placebo was administered at weeks 0, 4, 8, and 12. Of
those receiving active drug, 93.3% met the primary response of a
≥2 point reduction in CAS at week 16 while 58.8% of those
treated with placebo met the response (p = 0.04). Notably, a
1.5 mm reduction in proptosis was detected in those receiving
the active drug versus 0.0 mm in the placebo group at week 16.
Observations made later in the study revealed that the small
change in proptosis seen with tocilizumab was not durable. A
clinical trial of belimumab is currently underway for TAO (54).
In addition, preliminary studies examined the potential for
immune retolerizing of TSHR in GD and TAO (55).
IGF-IR AND ITS SIGNALING PATHWAY AS
THERAPEUTICALLY EXPLOITABLE
TARGETS

The IGF-I pathway is complex, comprising several molecules
that either enhance signaling initiated by IGF-I or play
inhibitory/modulatory roles. IGF-I influences regulation of
both normal and abnormal development, metabolism/energy
expenditure and immune surveillance (56, 57). It is generated
either by the liver or in peripheral tissues. In the latter, it can act
locally. IGF binding proteins (IGF-IBP), of which six have been
identified, can enhance the half-life of IGF-I within the
circulation (58) and can modulate the interactions between
IGF-I and IGF-IR (59). The actions of IGF-I and IGF-II are
mediated through their interactions with the two cell surface
receptors, IGF-IR and IGF-IIR/mannose-6-phosphate receptor
(60). IGF-IR is a member of the insulin receptor (IR) family of
cell surface-displayed tyrosine kinases. We had suggested some
time ago that this pathway might be exploitable for the
therapeutic targeting of autoimmune diseases, including GD
and TAO (61). The first clue that the IGF-IR pathway might be
involved in TAO emanated from the laboratory of Kendall–
Taylor nearly three decades ago (62). They reported that IgGs
found in sera of patients with TAO could compete for binding of
radiolabeled IGF-I to the surface of orbital fibroblasts collected
from patients with the disease. While the identity of the binding
site was surmised to be IGF-IR by that group, results in a later
December 2020 | Volume 11 | Article 610337
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study conducted by those in another laboratory definitively
demonstrated that IGF-IR harbored the binding site and
therefore the epitope for autoantibodies circulating in TAO
(3). These later studies indicated that IgGs from patients with
GD (GD-IgG) could initiate signaling and that the PI3
kinase/FRAP/mTor/p70S6k and Erk p42/44 pathways become
activated in GD-OF (3, 6) and thyroid epithelial cells (63).
Those studies failed to examine whether GD-IgGs could initiate
autophosphorylation of tyrosine residues intrinsic to IGF-IR.
Their findings did however raise the possibility that GD-IgG
was initiating signaling directly through interactions with IGF-
IR. Subsequently, several laboratory groups reexamined this
question that GD-IgGs activate IGF-IR autophosphorylation.
One group reported that GD-IgGs from a subset of patients
could activate receptor kinase activity above levels seen with
control (healthy) IgGs (64). In contrast, other investigators have
failed to detect GD-IgG-stimulation of IGF-IR kinase activity
(65, 66). The concept of anti-IGF-IR antibodies playing a role in
TAO has been vigorously argued against by some investigators
[summarized in ref (2)]. Their viewpoints have relied heavily on
selective reviews of the literature rather than on comprehensive
consideration and reconciliation of opposing opinions. The
discrepancy between the findings generated by several
laboratory groups has yet to be explained satisfactorily. It
should be noted that the methods used for detecting IGF-IR
activity have varied widely, experimental conditions have not
been standardized, and cell treatment protocols have generally
relied on single time points, potentially inappropriate target
cells, and the uniform absence of assessing endogenous IGF-I
concentrations in the culture media. GD-IgG was found to
induce the synthesis of hyaluronan in orbital fibroblasts from
patients with TAO but not in orbital fibroblasts from healthy
individuals (67). Those effects could be mimicked by
recombinant IGF-I but not by recombinant human TSH.
Subsequent to the detection of anti-IGF-IR autoantibodies in
GD and TAO, Tsui et al. reported that IGF-IR and TSHR co-
localize in thyroid epithelial cells, orbital fibroblasts and in situ
in orbital fat (7). Further, in pull-down studies, these
investigators found that monoclonal antibodies directed
against either receptor protein could precipitate both. They
also found that the IGF-IR inhibitory monoclonal antibody,
1H7, could attenuate the activation of Erk 42/44 MAPK
initiated by rhTSH, GD-IgG and IGF-I. Those results
suggested that signaling emanating from either receptor
depended on the activation of IGF-IR. Another report
demonstrated that the cellular distribution of IGF-IR was
altered in fibroblasts derived from TSHR-null mice (68). A
similar pattern of response to disease-derived IgGs was
subsequently observed in synovial fibroblasts from patients
with rheumatoid arthritis (69). Based on the aggregate of
findings implicating IGF-IR in the pathogenesis of TAO, the
receptor became a plausible therapeutic target. Further it was
suggested that multiple autoimmune diseases, besides GD and
rheumatoid arthritis, might share IGF-IR-dependent disease
mechanisms and that therapeutic development could be
successfully focused on that receptor (61).
Frontiers in Endocrinology | www.frontiersin.org 4
TWO CLINICAL TRIALS OF
TEPROTUMUMAB REVEAL AN EFFECTIVE
AND SAFE THERAPY FOR MODERATE TO
SEVERE, ACTIVE TAO

Phase 2 Trial
Based on the preclinical studies outlined above, which
demonstrated the plausibility of IGF-IR inhibition as a
potential treatment strategy for GD and TAO, an initial trial
was organized by River Vision Development Company
beginning in 2010. The phase 2 study of teprotumumab
(RV001, R1507), a fully human monoclonal b-arrestin biased
agonist IGF-IR inhibitor, involved the repurposing of that drug
from its initially intended use in cancer where it had proven
ineffective in treating several disease types (70, 71). This trial was
a double-masked, randomized, placebo-controlled and multi-
centered study with 15 performance sites in North America and
Europe (72). Enrolment commenced on 2 July, 2013 and was
completed 23 September, 2015. Exclusionary factors included
uncontrolled hyper- and hypothyroidism, a history of receiving
>1 g of steroids for the treatment of TAO, prior rehabilitative
ocular surgeries for TAO and prior treatment with either
rituximab or tocilizumab. A total of 88 patients, age range
from 18 to 75 years, with moderate to severe, active [clinical
activity scores (CAS) ≥4 on a 7-point scale] TAO were
randomized to receive either teprotumumab or placebo in a
1:1 ratio. Participants were uniformly within 9 months of the
onset of TAO, included both cigarette smokers and non-
smokers, and were clinically euthyroid. Once randomized,
patients were included in the intention-to-treat (ITT) cohort.
Participants in both treatment groups received dosing every 3
weeks for a total of eight infusions over a 24-week intervention
phase. The primary response was defined as improvement in the
study (worse) eye of both, improvement in CAS of ≥2 points,
AND reduction in proptosis of ≥2 mm. This improvement must
have occurred in the absence of a similar degree of worsening in
the fellow eye. Secondary endpoints, measured as independent
variables, included improvement from baseline of CAS
of ≥2 points, reduction in proptosis of ≥2 mm, improvement
in subjective diplopia, and improved results from a fully
validated quality of life questionnaire (GO-QoL). The
occurrence and severity of adverse events were also assessed.
Any subjects failing to complete the 24-week treatment phase or
the assessment at week 24 for any reason were considered
treatment failures.

The responses used to judge drug efficacy included reduction
in CAS, proptosis, improvement in diplopia, and GO-QoL.
These parameters were comparable at the baseline assessment
in the two treatment arms. Despite attempts to stratify
participants with regard to cigarette smoking, an imbalance in
group assignment was detected, with a great number who used
tobacco randomized to the placebo group. Analysis of the results
demonstrated that of those in the ITT group receiving
teprotumumab, 29 of 42 (69%) exhibited a response at 24
weeks. In contrast, nine of 45 (20%) patients receiving placebo
December 2020 | Volume 11 | Article 610337
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responded (p < 0.001). Similar numbers of participants in the two
treatment arms completed the intervention phase (87% in the
placebo and 88% in the teprotumumab cohorts). The time to
response was considerably shorter in the teprotumumab cohort
than in those receiving placebo. The onset of response was very
rapid. Nearly one-half of those receiving teprotumumab achieved
the primary response at week 6, i.e. those who had received the
half-dose and a single full-dose. The proportion of patients
achieving a response was greater in the teprotumumab group
and continued to increase throughout the duration of the
treatment phase with striking differences compared to placebo
which continued to be significant at every time point (all p <
0.001). When the responses were graded, considerably more
patients exhibited a high response at week 24 (≥3 point
improvement in CAS and ≥3 mm proptosis reduction in the
study eye). With regard to the secondary outcomes, those patients
receiving teprotumumab responded with a change in proptosis
Frontiers in Endocrinology | www.frontiersin.org 5
from baseline and CAS from baseline when compared to those
receiving placebo. Both responses were significantly different
when compared to controls at the 6-week time point (p < 0.001
for both), and the differences continued to increase throughout
the treatment phase which ended at week 24 (both p < 0.001). On
the basis of this trial, the FDA designated teprotumumab a
“breakthrough” therapy for TAO.

Phase 3 Trial
A pivotal phase 3 study was initiated shortly after the results of
the phase 2 trial had been reported (73). The study was organized
and funded by Horizon Pharmaceutical (now Horizon
Therapeutics) and included many of the same investigators
and institutions participating in the preceding phase 2 trial. It
was conducted between October 24, 2017 and August 31, 2018,
when 107 patients were screened and 83 underwent
randomization (Figure 2A). The trial followed an experimental
A

B

FIGURE 2 | (A) Trial profile. (B) Efficacy endpoints. * CMH weighting was used to estimate the common risk difference and the 95% Confidence Interval (95% CI) of
the common risk difference for the primary and secondary endpoints of overall responder, percent with CAS 0 or 1, and diplopia responder; least squares mean
difference was calculated for secondary endpoints of change in proptosis from baseline and change in Graves’ Orbitopathy quality of life (GO-QOL) questionnaire
from baseline using the Mixed-Model Repeated-Measures (MMRM) analysis of covariance (ANCOVA) model described below. ¥ 28 patients in each treatment group
had diplopia at baseline ‡ GO-QOL score was calculated and transformed to a 0 to 100 scale. Transformed score = [(sum of each score − number of completed
items)/(2 * number of completed items)] * 100 § Change from baseline in proptosis or GO-QOL as a continuous variable is based on MMRM ANCOVA model with an
unstructured covariance matrix including the following terms: baseline score, tobacco use status (non-user, user), treatment group, visit, and visit-by-treatment and
visit-by-baseline-score interactions; data presented as least squares mean ± standard error. All analyses were controlled for multiplicity. From N. Engl. J. Med,
Douglas R.S, Kahaly G.J., Patel A., Sile E.H.Z., Thompson R et al. Teprotumumab for the treatment of active thyroid eye disease. 382; 341-352. Copyright © (2020)
Massachusetts Medical Society. Reprinted with permission.
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protocol that was very similar to that of the earlier study. It
allowed a widened patient age limit (18 years to 80 years) and the
inclusion of a study extension, which enabled treatment cross-
over for patients failing to respond during the 24-week treatment
period and those who had responded initially and then relapsed.
Individuals with a history of inflammatory bowel disease were
excluded since at least one participating patient in the earlier trial
with that diagnosis experienced worsening bowel symptoms. The
remainder of the inclusion and exclusion criteria were
unchanged from the phase 2 trial. The primary endpoint was
proptosis responder rate (percentage of patients with ≥2 mm
Frontiers in Endocrinology | www.frontiersin.org 6
reduction in the study eye without ≥2 mm increase in the fellow
eye) at week 24 for teprotumumab versus placebo. Secondary
outcomes included overall responder rate (the primary outcome
of the phase 2 study) which was defined as the percentage of
patients with both ≥2-point reduction in CAS AND ≥2 mm
reduction in proptosis in the study eye in the absence of a
corresponding worsening in the fellow eye, percentage of
patients with a CAS 0 or 1, and diplopia improvement at week
24 and change in GO-QOL overall score through week 24.
Unlike the phase 2 trial, this study included an extension.
Specifically, those patients who did not achieve the primary
A B

D

E F

C

FIGURE 3 | (A) Proptosis responder analysis (percent of patients with ≥2 mm reduction in proptosis from baseline in the study eye). (B) Change from baseline in
proptosis (least squares mean ± standard error). (C) Percent of patients with clinical activity score (CAS) of 0 or 1 in the study eye. (D) Overall responder rate
(percent of patients with ≥2-point reduction in CAS and ≥2 mm reduction in proptosis from baseline in the study eye). (E) Diplopia response (percent of patients with
improvement of at least one grade from baseline). (F) Change from baseline in transformed GO-QOL score (least squares mean ± standard error). From N. Engl. J.
Med, Douglas R.S, Kahaly G.J., Patel A., Sile E.H.Z., Thompson R et al. Teprotumumab for the treatment of active thyroid eye disease. 382; 341-352. Copyright ©

(2020) Massachusetts Medical Society. Reprinted with permission.
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outcome i.e. the proptosis non-responders, were eligible for
participation in an open-label extension study (OPTIC-X
(NCT03461211)]. This trial involved eight additional infusions
of teprotumumab. Those patients not included in the extension
were followed for 48 weeks. Those patients who responded
during the initial treatment phase, regardless of treatment arm
but then relapsed during follow-up could also enter the
extension study.

Efficacy outcomes are shown in Figure 2B. The results from the
trial revealed that 9.5% of patients receiving placebo achieved the
primary response compared with 82.9% of those treated with
Frontiers in Endocrinology | www.frontiersin.org 7
teprotumumab at week 24 (delta 73.45%; 95% CI 58.89 to 88.01%;
p < 0.001) (Figure 3A). A majority of patients responding did so at
week 6.Mean proptosis response from baseline with teprotumumab
at week 24 was −3.32 mm versus −0.53 in placebo or a mean
difference from the placebo group of 2.79 mm (Figure 3B).

Secondary outcomes were achieved by significantly more
patients receiving teprotumumab than those in the placebo
cohort. CAS scores of 0 or 1 (Figure 3C) and over-all
responders were also more numerous in the teprotumumab
group at all study visits (Figure 3D). At baseline, both
treatment groups included 28 patients with diplopia;
A

B

C

FIGURE 4 | Facial photographic images and MRIs at Baseline and 24 Weeks following treatment with either placebo or teprotumumab. (A) Clinical photographs of
a patient receiving placebo. At baseline, the patient exhibits substantial proptosis (left eye, 29 mm and right eye, 27 mm) as well as multiple inflammatory signs (left
eye Clinical Activity Score of 7 and right eye 5). At week 24, considerable proptosis and inflammatory signs remain. (B) Images of a teprotumumab-treated patient.
Baseline proptosis (both eyes 24 mm), edema, upper and lower eyelid retraction, and multiple inflammatory signs (CAS 5 bilaterally). At week 24, considerable
bilateral reductions in proptosis (−5 mm) and CAS (−4 points). (C) Coronal, contrast-enhanced, fat-saturated, T1-weighted MRIs in a single patient receiving
teprotumumab at baseline and at week 24. Note marked enhancement of the inferior rectus muscle (white arrowhead) and orbital fat (white arrow) as well as inferior
rectus muscle enlargement. At week 24, resolved inferior rectus muscle (yellow arrowhead) enhancement and orbital fat (yellow arrow). The muscle volume was
reduced by 49% (yellow arrowhead). Proptosis reduction decreased from 23 mm at baseline to 18 mm at week 24. From N. Engl. J. Med, Douglas R.S, Kahaly G.J.,
Patel A., Sile E.H.Z., Thompson R. et al. Teprotumumab for the treatment of active thyroid eye disease. 382; 341–352. Copyright © (2020) Massachusetts Medical
Society. Reprinted with permission.
December 2020 | Volume 11 | Article 610337
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improvement of ≥1 diplopia grade was experienced in 50.0% of
patients receiving teprotumumab compared to 3.6% of those
administered placebo at week 6. Diplopia improved with
teprotumumab, regardless of disease severity at baseline when
compared to placebo (Figure 3E) as did overall quality of life
using the GO-QOL score (Figure 3F).

Additional assessments in the phase 3 trial were “before and
after” facial photographs (Figures 4A and 4B) and limited
orbital imaging performed prior to and following treatment of
six patients enrolled (off study protocol) at a single study site.
Those imaging studies revealed decreased extraocular muscle
volume with reduction of the inferior rectus muscle exhibiting
the greatest change in 4/6 patients (Figure 4C). Orbital fat
volume was reduced in two of these patients. Thus it would
appear that teprotumumab affects both extraocular muscle and
orbital fat compartments, in at least some patients with TAO.
CONCLUSIONS AND CONSIDERATION OF
WHAT MIGHT LAY AHEAD FOR
TEPROTUMUMAB IN TAO AND BEYOND

In aggregate, the two clinical trials demonstrate the substantial
potential for IGF-IR inhibition in the treatment of active, moderate
to severe TAO. Because both phase 2 and phase 3 trials excluded
TAO of a duration longer than 9 months and did not allow
enrollment of individuals with sight-threatening disease, neither
Frontiers in Endocrinology | www.frontiersin.org 8
study could inform the potential impact of teprotumumab in
patients with either long-standing disease or compressive optic
neuropathy. Thus, additional studies examining these patients will
broaden our insights into the temporal dimensions of benefit and
durability the drug can provide. Since its approval by the US FDA in
January 2020 (9), case reports have revealed potential effectiveness
in clinical stable TAO (74) and in worsening compressive optic
neuropathy (75, 76). In addition, the impact of teprotumumab on
thyroid function in patients retaining intact thyroid glands should
be assessed prospectively. Since other autoimmune diseases,
including rheumatoid arthritis, are also associated with
abnormalities in the IGF-I/IGF-IR pathway (61, 69), the potential
therapeutic effects of IGF-IR inhibition may yield advances in
treatments of those conditions as well.
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Rodrıǵuez Alvarez FM, et al. Efficacy of Tocilizumab in Patients With Moderate-
to-Severe Corticosteroid-Resistant Graves Orbitopathy: A Randomized Clinical
Trial. Am J Ophthalmol (2018) 195:181–90. doi: 10.1016/j.ajo.2018.07.038

54. Salvi M, Covelli D. B cells in Graves’ Orbitopathy: more than just a source of
antibodies? Eye (Lond) (2019) 33:230–4. doi: 10.1038/s41433-018-0285-y

55. Pearce SHS, Dayan C, Wraith DC, Barrell K, Olive N, Jansson L, et al.
Antigen-Specific Immunotherapy with Thyrotropin Receptor Peptides in
Graves’ Hyperthyroidism: A Phase I Study. Thyroid (2019) 29(7):1003–11.
doi: 10.1089/thy.2019.0036

56. Oherle K, Acker E, Bonfield M, Wang T, Gray J, Lang I, et al. Insulin-like
Growth Factor 1 Supports a Pulmonary Niche that Promotes Type 3 Innate
Lymphoid Cell Development in Newborn Lungs. Immunity (2020) 52:275–
94.e279. doi: 10.1016/j.immuni.2020.01.005

57. Sadagurski M, White MF. Integrating metabolism and longevity through
insulin and IGF1 signaling. Endocrinol Metab Clin North Am (2013) 42:127–
48. doi: 10.1016/j.ecl.2012.11.008

58. Jones JII, Clemmons DR. Insulin-like growth factors and their binding proteins:
biological actions. Endocr Rev (1995) 16:3–34. doi: 10.1210/edrv-16-1-3

59. Hwa V, Oh Y, Rosenfeld RG. The insulin-like growth factor-binding protein
(IGFBP) superfamily. Endocr Rev (1999) 20:761–87. doi: 10.1210/
edrv.20.6.0382

60. De Meyts P, Whittaker J. Structural biology of insulin and IGF1 receptors:
implications for drug design. Nat Rev Drug Discov (2002) 1:769–83. doi:
10.1038/nrd917

61. Smith TJ. Insulin-like growth factor-I regulation of immune function: a
potential therapeutic target in autoimmune diseases? Pharmacol Rev (2010)
62:199–236. doi: 10.1124/pr.109.002469

62. Weightman DR, Perros P, Sherif IH, Kendall-Taylor P. Autoantibodies to
IGF-1 binding sites in thyroid associated ophthalmopathy. Autoimmunity
(1993) 16:251–7. doi: 10.3109/08916939309014643

63. Gianoukakis AG, Douglas RS, King CS, Cruikshank WW, Smith TJ.
Immunoglobulin G from patients with Graves’ disease induces interleukin-
16 and RANTES expression in cultured human thyrocytes: a putative
mechanism for T-cell infiltration of the thyroid in autoimmune disease.
Endocrinology (2006) 147:1941–9. doi: 10.1210/en.2005-1375

64. Varewijck AJ, Boelen A, Lamberts SW, Fliers E, Hofland LJ, Wiersinga WM,
et al. Circulating IgGs may modulate IGF-I receptor stimulating activity in a
subset of patients with Graves’ ophthalmopathy. J Clin Endocrinol Metab
(2013) 98:769–76. doi: 10.1210/jc.2012-2270

65. Minich WB, Dehina N, Welsink T, Schwiebert C, Morgenthaler NG, Kohrle J,
et al. Autoantibodies to the IGF1 receptor in Graves’ orbitopathy. J Clin
Endocrinol Metab (2013) 98:752–60. doi: 10.1210/jc.2012-1771

66. Krieger CC, Neumann S, Gershengorn MC. TSH/IGF1 receptor crosstalk:
Mechanism and clinical implications. Pharmacol Ther (2020) 209:107502. doi:
10.1016/j.pharmthera.2020.107502

67. Smith TJ, Hoa N. Immunoglobulins from patients with Graves’ disease induce
hyaluronan synthesis in their orbital fibroblasts through the self-antigen,
Frontiers in Endocrinology | www.frontiersin.org 10
insulin-like growth factor-I receptor. J Clin Endocrinol Metab (2004) 89:5076–
80. doi: 10.1210/jc.2004-0716

68. Atkins SJ, Lentz SII, Fernando R, Smith TJ. Disrupted TSH Receptor
Expression in Female Mouse Lung Fibroblasts Alters Subcellular IGF-1
Receptor Distribution. Endocrinology (2015) 156:4731–40. doi: 10.1210/
en.2015-1464

69. Pritchard J, Tsui S, Horst N, Cruikshank WW, Smith TJ. Synovial fibroblasts
from patients with rheumatoid arthritis, like fibroblasts from Graves’ disease,
express high levels of IL-16 when treated with Igs against insulin-like growth
factor-1 receptor. J Immunol (Baltimore Md: 1950) (2004) 173:3564–9. doi:
10.4049/jimmunol.173.5.3564

70. Pappo AS, Patel SR, Crowley J, Reinke DK, Kuenkele KP, Chawla SP, et al.
R1507, a monoclonal antibody to the insulin-like growth factor 1 receptor,
in patients with recurrent or refractory Ewing sarcoma family of tumors:
results of a phase II Sarcoma Alliance for Research through Collaboration
study. J Clin Oncol (2011) 29:4541–7. doi: 10.1200/jco.2010.28.
15_suppl.10000

71. Ramalingam SS, Spigel DR, Chen D, Steins MB, Engelman JA, Schneider CP,
et al. Randomized phase II study of erlotinib in combination with placebo or
R1507, a monoclonal antibody to insulin-like growth factor-1 receptor, for
advanced-stage non-small-cell lung cancer. J Clin Oncol (2011) 29:4574–80.
doi: 10.1200/JCO.2011.36.6799

72. Smith TJ, Kahaly GJ, Ezra DG, Fleming JC, Dailey RA, Tang RA, et al.
Teprotumumab for Thyroid-Associated Ophthalmopathy. N Engl J Med
(2017) 376:1748–61. doi: 10.1056/NEJMoa1614949

73. Douglas RS, Kahaly GJ, Patel A, Sile S, Thompson EHZ, Perdok R, et al.
Teprotumumab for the Treatment of Active Thyroid Eye Disease. N Engl J
Med (2020) 382:341–52. doi: 10.1056/NEJMoa1910434

74. Ozzello DJ, Kikkawa DO, Korn BS. Early experience with teprotumumab for
chronic thyroid eye disease. Am J Ophthalmol Case Rep (2020) 19:100744. doi:
10.1016/j.ajoc.2020.100744

75. Sears CM, Azad AD, Dosiou C, Kossler AL. Teprotumumab for Dysthyroid
Optic Neuropathy: Early Response to Therapy. Ophthalmic Plast Reconstr
Surg (2020). doi: 10.1097/IOP.0000000000001831

76. Slentz D, Smith TJ, Kim DS, Joseph SS. Teprotumumab For Optic Neuropathy
in Thyroid Eye Disease. Arch Ophthal (In Press) (2020).

Conflict of Interest: TS has been issued patents covering his inventions
concerning the use of IGF-IR inhibitors as therapy in Graves’ disease. These
patents are held by UCLA School of Medicine and Los Angeles Biomedical
Research Institute.

Copyright © 2020 Smith. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
December 2020 | Volume 11 | Article 610337

https://doi.org/10.1016/j.ajo.2018.07.038
https://doi.org/10.1038/s41433-018-0285-y
https://doi.org/10.1089/thy.2019.0036
https://doi.org/10.1016/j.immuni.2020.01.005
https://doi.org/10.1016/j.ecl.2012.11.008
https://doi.org/10.1210/edrv-16-1-3
https://doi.org/10.1210/edrv.20.6.0382
https://doi.org/10.1210/edrv.20.6.0382
https://doi.org/10.1038/nrd917
https://doi.org/10.1124/pr.109.002469
https://doi.org/10.3109/08916939309014643
https://doi.org/10.1210/en.2005-1375
https://doi.org/10.1210/jc.2012-2270
https://doi.org/10.1210/jc.2012-1771
https://doi.org/10.1016/j.pharmthera.2020.107502
https://doi.org/10.1210/jc.2004-0716
https://doi.org/10.1210/en.2015-1464
https://doi.org/10.1210/en.2015-1464
https://doi.org/10.4049/jimmunol.173.5.3564
https://doi.org/10.1200/jco.2010.28.15_suppl.10000
https://doi.org/10.1200/jco.2010.28.15_suppl.10000
https://doi.org/10.1200/JCO.2011.36.6799
https://doi.org/10.1056/NEJMoa1614949
https://doi.org/10.1056/NEJMoa1910434
https://doi.org/10.1016/j.ajoc.2020.100744
https://doi.org/10.1097/IOP.0000000000001831
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Teprotumumab as a Novel Therapy for Thyroid-Associated Ophthalmopathy
	Introduction
	Current Understanding of TAO Pathogenesis
	TAO has Long Been a Disease the Treatment for Which Exemplifies Inadequacy
	IGF-IR and its Signaling Pathway as Therapeutically Exploitable Targets
	Two Clinical Trials of Teprotumumab Reveal an Effective and Safe Therapy for Moderate to Severe, Active TAO
	Phase 2 Trial
	Phase 3 Trial

	Conclusions and Consideration of What Might Lay Ahead for Teprotumumab in TAO and Beyond
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


