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Abstract
Context: Thyroid eye disease (TED) is a complex autoimmune disease process. Orbital fibroblasts represent the central orbital immune target. 
Involvement of the TSH receptor (TSHR) in TED is not fully understood. IGF-I receptor (IGF-IR) is overexpressed in several cell types in TED, 
including fibrocytes and orbital fibroblasts. IGF-IR may form a physical and functional complex with TSHR. 
Objective:  Review literature relevant to autoantibody generation in TED and whether these induce orbital fibroblast responses directly through 
TSHR, IGF-IR, or both. 
Evidence:  IGF-IR has traditionally been considered a typical tyrosine kinase receptor in which tyrosine residues become phosphorylated fol-
lowing IGF-I binding. Evidence has emerged that IGF-IR possesses kinase-independent activities and can be considered a functional receptor 
tyrosine kinase/G-protein-coupled receptor hybrid, using the G-protein receptor kinase/β-arrestin system. Teprotumumab, a monoclonal IGF-IR 
antibody, effectively reduces TED disease activity, proptosis, and diplopia. In addition, the drug attenuates in vitro actions of both IGF-I and TSH 
in fibrocytes and orbital fibroblasts, including induction of proinflammatory cytokines by TSH and TED IgGs.
Conclusions:  Although teprotumumab has been proven effective and relatively safe in the treatment of TED, many questions remain pertaining 
to IGF-IR, its relationship with TSHR, and how the drug might be disrupting these receptor protein/protein interactions. Here, we propose 4 
possible IGF-IR activation models that could underlie clinical responses to teprotumumab observed in patients with TED. Teprotumumab is as-
sociated with several adverse events, including hyperglycemia and hearing abnormalities. Underpinning mechanisms of these are being investi-
gated. Patients undergoing treatment with drug must be monitored for these and managed with best medical practices.
Key Words:  IGF-IR, IGF1R, IGF1, IGF-I, beta-arrestins, RTK, GPCR, biased signaling, TSHR
Abbreviations:  AABIGF-IR, antibodies directed against IGF-IR; AABTSHR, antibodies directed against TSHR; Akt, protein kinase B; bTSH, bovine thyroid-stimulating 
hormone; BS, biased signaling; ERK, extracellular signal-regulated kinase; GD, Graves’ disease; GPCR, G-protein-coupled receptor; GRK, G-protein receptor 
kinase; HA, hyaluronan; IGF-I, IGF-I; IGF-II, IGF-II; IGFBP, IGF binding proteins; IGF-IR, IGF-I receptor; IR, insulin receptor; IRS-1/2, insulin receptor substrate 
1/2; MEK, mitogen-activated protein kinase kinase; PI3K, phosphatidylinositol 3-kinase; RAI, radioactive iodine; rhTSH, recombinant human thyroid-stimulating 
hormone; RTK, receptor tyrosine kinases; SHC, SHC-transforming protein; TED, thyroid eye disease; TRAb, TSH receptor autoantibody; TSHR, TSH receptor

Clinical Background of Thyroid Eye Disease
Epidemiology of Thyroid Eye Disease
The ocular and periocular manifestations of Graves’ disease 
(GD) result in substantially reduced quality of life, the con-
sequence of physical and emotional disease impact (1, 2). 
Orbital disease in GD, known as thyroid eye disease (TED or 
thyroid-associated ophthalmopathy), appears to emerge from 
similar/identical immunological events as those underpin-
ning disordered thyroid gland function (3). Orbital tissue re-
activity, remodeling, and the resulting clinical manifestations 
represent the most consequential extrathyroidal manifest-
ations of GD. As many as 40% to 50% of patients with GD 
manifest clinically important TED, of which the majority is 
female, although older men are more likely to develop severe 
disease (4). GD incidence clusters in families harboring other 
autoimmune diseases. The temporal relationship between 

development of GD and TED is variable and the appear-
ance of TED may precede, coincide with, or follow that of 
thyroid dysfunction. In addition, patients with autoimmune 
thyroiditis can also develop TED (5). A minority of patients 
with TED remain euthyroid throughout their lifetimes and 
thus never require treatment of their thyroid gland.

Potential Risk Factors Involved in TED
Risk of developing TED is substantially greater in patients 
exhibiting thyroid dysfunction attributable to GD than in-
dividuals in the general population. Among risk factors for 
TED are increasing patient age, tobacco smoking, radioactive 
iodine (RAI) ablative therapy, thyroid dysregulation, and high 
serum cholesterol levels. Prophylactic steroids may mitigate 
the risks associated with RAI therapy (6, 7). Identities of TED-
promoting smoke constituents remain uncertain (8). Thyroid 
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ablation with RAI has been recognized also as a risk factor 
for developing or worsening of TED (9). Glucocorticoid ster-
oids may lessen the deleterious effects of RAI on TED (10).

Clinical Manifestations of TED
Inflammation and tissue remodeling occurring in TED in-
volve the orbit and upper face. These manifestations include 
eyelid retraction, proptosis, diplopia, tissue congestion, and 
periocular discomfort/pain and tissue injection. TED typically 
presents as an initial, active, progressive process, followed 
after 1 to 4 years by the chronic/stable phase, during which 
these tissue abnormalities cease changing (11). The clinical 
manifestations of TED and how these relate to GD and thy-
roid autoimmunity have been reviewed in the recent past (3).

Cells Involved in Orbital Inflammation and Tissue 
Remodeling in TED
Recent progress in identifying which cell types participate 
in TED has implicated CD34 + fibrocytes, which apparently 
infiltrate the orbit and exhibit unique phenotypic attributes 
(12). Fibrocytes display relatively high constitutive levels of 
major histocompatibility complex II and costimulatory mol-
ecules such as CD80, CD86, and programmed death-ligand 
1, all of which appear to exhibit IGF-1 receptor (IGF-IR)-
dependent expression (13). CD34+ orbital fibroblasts, puta-
tive derivatives of fibrocytes, comprise a sizable cell subset in 
the TED orbit. They coexist with CD34- fibroblasts, which 
appear identical to fibroblasts uniformly present in healthy 
orbits. Moreover, in addition to fibrocytes and fibroblasts, T 
and B lymphocytes, mast cells, and monocytes may infiltrate 
the TED orbit and are considered critical to the development 
of TED by virtue of the cytokines and other inflamma-
tory mediators they generate and their capacity to mediate 
antigen-specific immune responses (14, 15). Despite extensive 
investigation suggesting an active role of extraocular muscle 
cells, their involvement appears to be secondary.

TSH Receptor Pathway
Current Concepts of TSH Receptor Signaling
G protein-coupled receptors, also known as 7-transmem-
brane receptors, include multiple cell surface structures cap-
able of initiating downstream signaling through activation of 
heterotrimeric G proteins. Ligand activated G-protein-coupled 
receptors (GPCRs) facilitate GDP-GTP exchange on the Gα 
subunit, resulting in heterotrimeric complex dissociation into 
monomeric Gα and Gβγ dimers, each component initiating 
discrete signaling events (16). Depending on specific Gα sub-
unit utilization for signal activation, GPCRs are classified as 
Gs (stimulation of cAMP), Gi (inhibition of cAMP), Gq, or 
G12 (16). TSH receptor (TSHR or thyrotropin receptor) is a 
member of the GPCR family (17). Engagement of cell surface-
displayed TSHR by TSH or agonistic subsets of anti-TSHR 
antibodies results in the activation of 2 major G protein 
classes (Gs and Gq) (18) (Fig. 1). This in turn provokes second 
messengers via major signaling pathways such as cAMP/
protein kinase A/Ras-related protein 1/mitogen-activated 
protein kinase kinase (MEK)/extracellular signal-regulated 
kinase (ERK), phosphatidylinositol 3-kinase (PI3K)/protein 
kinase B (Akt), protein kinase C/Raf/MEK/ERK (Fig. 1)  
(18). Interactions of these pathways result in complex 
signaling crosstalk (18). Stimulated TSHR, after being se-
questered by clathrin-coated pits or caveolin scaffolding pro-
teins, can signal following internalization, a requirement for 

efficient protein kinase A-dependent cAMP response element 
binding protein phosphorylation, thus allowing induction of 
early-immediate response genes. An important observation 
made in vitro concerns significant (constitutive) stimulatory 
Gs activation exhibited by unliganded, wild-type TSHR. This 
activity results in intracellular cAMP accumulation. Intrinsic 
TSHR signaling is susceptible to blockade by inverse agon-
istic antibodies (19). Similar to other activated GPCRs, TSHR 
reiterates heterotrimeric G-protein recruitment/activation 
cycle should this interaction be perpetuated by the GPCR/G-
protein interface. This process can be downregulated through 
a feedback mechanism known as desensitization. This process 
is instigated by increased local Gβγ concentrations facilitating 
engagement of G protein-coupled receptor kinases (GRKs) 
by activated receptor (20). Subsequent phosphorylation of 
serine/threonine residues within intracellular receptor do-
mains creates binding sites and recruitment of specialized 
cytoplasmic arrestin proteins (21). This interaction prevents 
further G protein activation while initiating an alternative 
signaling pathway, commonly known as arrestin signaling 
(22, 23). As GRK/arrestin interplay translates conformational 
change into alternative downstream signals, it behaves as an 
“allosteric microprocessor” (22).

The human genome encodes 4 arrestin isoforms and 7 mem-
bers of the GRK family (GRK 1-7) (24, 25). Arrestin isoforms 
1 and 4, also known as visual arrestins, regulate photoreceptor 
signaling. Isoforms 2 and 3 (β-arrestins 1 and 2) are ubiqui-
tously expressed and regulate most GPCRs. The GRK family 
is subdivided in 3 branches; GRK1/7 regulate the activity of 
visual arrestins, whereas GRK2/3 and GRK4/5/6 coordinate 
β-arrestins. GRK2/3 are cytoplasmic proteins highly de-
pendent on specific membrane-recruitment signaling for pro-
moting translocation of their partner receptors. Thus, GRK2/3 
are recruited to membranes through a feedback mechanism 
involving Gβγ dimer released from activated receptors. (For a 
detailed review, see reference (26)). The GRK/arrestin system 
controls TSHR desensitization and trafficking although the 
processes involved remain poorly understood and experi-
mental results are conflicting. GRK2 and GRK5 may be in-
volved in homologous desensitization of TSHR Gs signaling 
in FRTL5 cells in a β-arrestin 1–dependent manner (27, 28). 
TSHR activation, likely the consequence of GRK-dependent 
phosphorylation, enables binding of either β-arrestin 1 or 
β-arrestin 2. These associations result in divergent signaling 
and altered receptor trafficking. In human embryonic kidney 
293 cells, both β-arrestin isoforms internalize the receptor; 
however, β-arrestin 2 binds TSHR more rapidly and does not 
colocalize with the receptor once the protein enters endosomes 
(29). Unlike other GPCRs, TSHR desensitization appears 
ligand- and/or cell type-specific because internalization fails to 
alter TSH/TSHR-induced signaling in thyroid epithelial cells 
(30). In contrast, TSHR internalization attenuates signaling 
in human embryonic kidney 293 cells by β-arrestin 1 and 
may mediate TSHR-induced MAPK and PI3K/Akt signaling 
and differentiation in human osteosarcoma cells, whereas 
β-arrestin 2 inhibits Gs signaling through TSHR desensitiza-
tion (Fig. 1) (31). GRK isoenzymes control β-arrestin recruit-
ment, signaling, TSHR degradation, and responsiveness to 
various ligands, including TSH and TSHR autoantibodies.

Evidence Supporting Involvement of TSHR and 
TSHR Autoantibodies in TED
A single immunological abnormality may underlie Graves’ 
hyperthyroidism and TED, primarily involving loss of tolerance 
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to TSHR (32). Elevated TSHR levels have been detected in or-
bital fibroblasts and adipocytes from patients with TED. Further, 
adipogenic differentiation enhances these levels. TSHR-initiated 
actions in orbital fibroblasts are mediated through stimulation 
of adenyl cyclase/cAMP and PI3K/Akt (32). These cells repre-
sent the autoimmune target in TED. Orbit-infiltrating CD8+ T 
cells recognize fibroblasts but not extraocular muscle extracts. 
The clinical observation that TSHR-directed autoantibodies 
(TRAbs) can be detected in most patients with TED, including 
those who are euthyroid, suggests that this receptor acts as the 
primary autoantigen in TED. In addition, TRAb levels generally 
correlate with TED severity and clinical activity. In aggregate, 
these associations suggest connectivity between TSHR and TED 
but fail to establish a causal relationship.

Evidence Suggesting Autoantigens/Autoantibodies 
Beyond TSHR/TRAb in TED
Accumulation of hyaluronan (HA) represents a cardinal 
feature of TED. Smith and Hoa found that GD-IgG (com-
prising TRAbs as well as other IgGs), but not recombinant 
human TSH (rhTSH), increased HA production in undiffer-
entiated TED orbital fibroblasts (33). In contrast, Van Zeijl 

et al. reported that neither rhTSH nor GD-IgG increased HA 
production in undifferentiated fibroblasts (34). They con-
cluded that TSHR-mediated cAMP signaling is uninvolved in 
GD-IgG-induced HA synthesis (34). Conversely, Kumar et al. 
reported enhanced HA production in undifferentiated TED 
fibroblasts after treatment with either bovine TSH (bTSH) or 
the stimulatory TRAb, M22 (35). Tsui and colleagues found 
that inhibiting IGF-IR or knocking-down its expression could 
attenuate the activation of Erk provoked by rhIGF-1, bTSH, 
or GD-IgG (36). This was confirmed by Kumar et al., who 
demonstrated that IGF-IR blockade inhibited both IGF-I and 
M22 provoked HA synthesis and Akt phosphorylation (35). 
In another study, Zhang et al. observed a small but signifi-
cant stimulation of HA production by bTSH as well as by 2 
monoclonal TRAbs (1 stimulatory and 1 neutral) in undiffer-
entiated, healthy donor-derived orbital fibroblasts, but not in 
fibroblasts from TED patients (37). These divergent results 
may have resulted from use of different assays and dissimilar 
culture conditions. Although in vitro studies offer certain ad-
vantages, they cannot replicate conditions existing in situ in 
the TED orbit. Thus, based on available data, a precise patho-
genetic role of TRAbs in TED is far from clarified.

Figure 1.  TSH receptor (TSHR) signaling. Schematic representation of major signaling pathways downstream TSHR. When not stimulated by activated 
receptor, Gα (α) is bound to guanosine diphosphate (GDP) and Gβγ (βγ), forming inactive Gs or Gq containing trimer, αβγ. Ligand-activated receptor 
leads to GDP/GTP exchange on the α subunit, resulting in dissociation into α and βγ subunits. α and βγ protein subunits subsequently interact with 
second effector proteins, promoting multiple downstream pathway activation; TSHR/Gs activates adenylyl cyclase (AC), resulting in increased cAMP, 
which in turn regulates multiple signaling pathways, including ion channels, protein kinase A and EPAC. TSHR/Gq initiates phospholipase C (PLC)/
phosphoinositide 3-kinase (PI3K) cascade activation, promoting cell proliferation and survival. Likewise, TSHR/Gq enhances diacyl glycerol (DAG) 
generation and protein kinase C (PKC) activation. Both Gs and Gq, eventually activate Raf/MEK/ERK, also known as mitogen-activated protein kinase 
pathways. βγ subunits initiate receptor-distinct signaling processes including G protein-coupled receptor kinase (GRK) recruitment. GRKs phosphorylate 
serine/threonine residues within the TSHR C-terminus, creating binding sites for β-arrestins (βarr). βarr recruitment prevents further G protein activation 
(desensitization). All signaling pathways downstream from TSHR culminate in biological effects mediated through transcription factors such as ERK and 
cAMP response element binding protein.
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Interactions Between GH-IGF and TSH-thyroid 
Pathways
Interaction between GH-IGF-I and TSH-thyroid pathways is 
required for normal somatic growth (38). For instance, tri-
iodothyronine is necessary for normal pituitary GH secretion. 
In turn, IGF-I appears to inhibit triiodothyronine-induced 
GH gene expression through a short, negative feedback loop. 
Exogenous thyroxine stimulates IGF-I activity in the absence 
of GH in hypophysectomized or thyroidectomized animals. 
Circulating IGF-I levels are negatively associated with TSH in 
euthyroid and hyperthyroid subjects. Close physical and func-
tional associations between the IGF-IR and TSHR have been 
described in thyroid epithelium and human orbital fibroblasts 
(36). Simultaneous activation of the 2 receptors results in syn-
ergistic up-regulation of DNA synthesis and cell proliferation 
compared with effects of either agonist alone (39). TSH in-
duces insulin receptor substrate (IRS)-2 monoubiquitination in 
thyroid epithelial cells, thereby enhancing IGF-I signaling and 
mitogenic activity (40). Both IGF-I and TSH increase nuclear 
β-catenin content and thus promote Wnt-dependent thyroid 
cell proliferation (41). IGF-I can independently stimulate rat 
thyroid cell proliferation, suggesting that compared with TSH, 
it may also represent an important thyroid growth regulator.

Lung fibroblasts derived from TSHR-knockout mice ex-
hibited reduced IGF-IR surface expression, as well as altered 
subcellular localization and attenuated IGF-IR-dependent 
signaling (42). In mice overexpressing both IGF-I and IGF-IR, 
reduced circulating TSH levels are required for maintaining 
normal thyroid function (43). In contrast, IGF-IR deficiency in 
thyrocytes impairs thyroid hormone secretion and completely 
blocks TSH-stimulated goiter formation. These findings re-
veal the essential role for IGF-IR signaling in the regulation 
of thyroid glandular function (44).

IGF and its Related Molecules
IGF system comprises 3 ligands (insulin, IGF-I, and IGF-II), 
3 cell-surface receptors (insulin receptor [IR], IGF-IR, and 
IGF-IIR) and 6 IGF binding proteins (IGFBPs) that modulate 
ligand-receptor interactions (45). Noncanonical family mem-
bers include the antimicrobial peptide, LL-37, which functions 
as an IGF-IR ligand (46), the orphan insulin-receptor-related 
receptor (47), and the insulin receptor-IGF-IR hybrid receptor 
(48, 49). IGF-I and IGF-II exert both systemic and local (auto-
crine/paracrine) effects. IGFs are expressed by virtually all mam-
malian cells and are secreted unmodified following synthesis 
through a constitutive secretory pathway. Most circulating 
IGF-I (about 99%) is bound to IGFBPs, whereas a small com-
ponent (0.5%-1%) circulates in a free (unbound) form. IGFs 
exhibit higher affinity for IGFBPs than IGF-IR. Consequently, 
most IGF molecules in the mammalian body are inaccessible 
to IGF-IR binding. IGF-I and IGF-II act in large part through 
IGF-IR at concentrations of 1 to 2 nM (50). Extracellular IGF 
concentrations are considerably lower than those in the circu-
lation (50). IGF secretion rates modestly correlate with tissue 
activity. IGFBPs can associate with cell membranes, and in so 
doing increase local IGF concentrations proximate to IGF-IR. 
They may prevent IGF-IR down-regulation and thereby in-
crease IGF activity. Each IGFBP appears susceptible to specific 
IGFBP proteases, resulting in narrow, well-controlled prote-
olysis and lower binding affinity. This can shift complex equi-
libria, making IGFs more available for IGF-IR binding. IGFBP 
protease activity is regulated in turn by protease inhibitors, the 
balance of which can be altered by disease.

Current Concepts of IGF-IR Signaling
Canonical Signaling
IGF-IR is dimeric in structure, with each protomer com-
prising an extracellular alpha-domain and a transmembrane 
beta-subunit with a cytoplasmic kinase-domain. Within the 
classical paradigm, signal transduction initiated at IGF-IR is 
triggered by ligand binding to the receptor ectodomain, con-
formational intracellular beta-subunit rearrangements, re-
sulting in autophosphorylation (in Trans) of specific tyrosine 
residues within activation domains (Fig. 2) (51, 52).

Because high resolution of full-length IGF-IR has yet to be 
accomplished, the complete mechanism through which ligand-
receptor interactions facilitate receptor signaling remains 
poorly understood. This includes a granular understanding of 
how responses are mediated through conformational changes 
conveyed from extracellular alpha-domains to intracellular 
domains and consequent tyrosine phosphorylation.

Following kinase activation and structural rearrangements, 
several tyrosine residues are phosphorylated, creating docking 
sites for downstream signaling proteins (53). For each IGF-IR 
monomer, 8 tyrosine phosphorylation sites have been identi-
fied: Y943, Y950, Y1131, Y1135, Y1136, 1250, 1251, and 
Y1346 (Fig. 2). Because multiple partners compete for each 
binding site, pathway specificity may be orchestrated through 
relative signaling protein expression levels (53).

Once bound to phosphorylated tyrosine, signal transduc-
tion molecules direct activated receptor to multiple, specific 
downstream pathways, including MAPK and PI3K (54, 55) 
(Fig. 2). Bulky docking proteins bound to the juxta mem-
brane Asn-Pro-X-Tyr 950 motif undergo C-terminal region 
tyrosine-phosphorylation (52, 56). These are recognized by 
the signaling molecule Grb2 through its SH2 domain (57). 
In turn, Grb2 complexes with SOS, resulting in Ras acti-
vation through GDP/GTP exchange. This in turn generates 
phosphorylation-dependent, domino activation of MAPK 
components, including RAF, MEK, and ERK. The ultimate 
effectors, namely, phosphorylation-activated ERKs, undergo 
nuclear translocation, where they modify gene expression in-
volved in cell growth and proliferation (58).

The second key IGF-IR signaling pathway, initiated by 
p85 regulatory subunit of PI3K recruitment to phosphoryl-
ated receptors via IRS (Fig. 1), generates phosphatidylinositol 
3,4,5-trisphosphate (56). This allows phosphoinositide-
dependent kinase-1 to phosphorylate and activate Akt (59). 
Through its phosphorylation of several substrates, including 
mammalian target of rapamycin, glycogen synthase kinase 
3β, FOXO, and Bcl-2, Akt regulates protein synthesis, glucose 
metabolism, and cell survival (60).

Noncanonical Signaling: IGF-IR Uses GPCR 
Components
IGF-IR Uses G Proteins
Although G protein signaling has received much attention 
and is well-established downstream from GPCRs, it has be-
come increasingly evident that heterotrimeric G proteins 
also mediate signaling from several receptor tyrosine kinases 
(RTKs) (61, 62). Among the first RTKs described to engage G 
proteins were IR and IGF-IR, the downstream MAPK signals 
sensitive to pertussis toxin, a prototypical Gi inhibitor (63). 
IGF-IR constitutively binds Gi and Gβ (64) and its signaling 
is dependent on Gβγ (24) (Fig. 2).
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IGF-IR Uses GRK/β-arrestin System
All GRK family members are serine/threonine kinases 
facilitating receptor-arrestin associations. Initially discovered 
for its role in controlling GPCR signaling, internalization, and 
trafficking, the GRK/arrestin system is now considered a key 
regulator of RTK expression and function (23, 52, 62, 65).

Among RTKs, IGF-IR is fully characterized regarding its 
GRK/β-arrestin engagement (23, 52, 62). Individual GRKs 
and β-arrestin isoforms can exhibit similar or opposing func-
tions with other family members. GRK 5/6 inhibition abolishes 
IGF-I-mediated signaling and receptor degradation whereas 
GRK 2/3 inhibition increases ERK activity while enhancing 
receptor degradation (66, 67). These effects are mediated via 
serine phosphorylation and β-arrestin recruitment to IGF-IR 

(67, 68). Both β-arrestin isoforms coimmunoprecipitate with 
IGF-IR and control receptor recycling. Ligand occupancy in-
creases IGF-IR affinity for β-arrestin 1, leading to stable com-
plexes that internalize and sustain MAPK/ERK signaling even 
when localized within endosomes (68-70) (Fig. 2). In contrast, 
β-arrestin 2 has greater affinity for unligated receptor; this 
interaction is transient and can trigger receptor ubiquitination 
and degradation, but fails to activate signaling (68-71) (Fig. 2). 
In addition, β-arrestin 2 protects the receptor against ligand-
dependent degradation, and attenuates β-arrestin 1 signaling 
(72, 73). Based on receptor/β-arrestin interaction stability, 
functional GRK2/β-arrestin 2 and GRK6/β-arrestin 1 partner-
ships have been proposed. GRK2/β-arrestin 2 pairing occurs 
at low ligand concentrations, has transient signaling effects 

Figure 2.  Structure-function relationship of IGF-I receptor (IGF-IR) informing RTK/GPCR dualism. IGF-IR is annotated with numbered aa residues. 
Known key residues/sites of posttranslational modifications (PTMs) as determinant substrates/adaptor protein binding within β-subunit, thus controlling 
both canonical RTK signaling (left) and noncanonical GPCR-like signaling. IGF-IR kinase-dependent signaling pathways: IGF-I (or IGF-II) binding to 
IGF-IR promotes intrinsic tyrosine kinase activity and autophosphorylation. Activated receptor can recruit and phosphorylate substrates such as IRS 
and Shc. Phosphorylated tyrosine 950 within Asn-Pro-X-Tyr juxta membrane motif is essential for insulin receptor substrate-1 (IRS1)/IRS-2 and SHC-
transforming protein (Shc) recruitment. Tyrosine phosphorylation of IRS and Shc proteins leads to as Grb2 and PI 3-kinase (p110/p85) binding. These 
protein associations induce downstream signaling activation, primarily through the rat sarcoma virus/Raf/MAPK and PI3K/Akt pathways, which in 
turn activate transcription factors coordinating downstream IGF biological effects. In addition to kinase signaling, agonist-induced IGF-IR stimulation 
results in noncanonical GPCR signaling through heterotrimeric G proteins (α, β, γ) (? = not yet fully understood pathways), followed by rapid IGF-IR 
phosphorylation by G protein-coupled receptor kinases (GRKs, K2, K6) at serine residues within the C-terminus. Serine-phosphorylated receptors 
present high-affinity binding sites for multifunctional adaptor protein β-arrestin 1/2 (βarr1/2). βarr recruitment: βarr acquires an active conformation 
following IGF-IR binding with MAPK pathway scaffold components. These events result in second wave IGF-IR kinase-dependent MAPK/ERK signaling 
activation. Abbreviations: Akt, protein kinase B; ERK, extracellular-signal-regulated kinase; IGF-IR, IGF receptor; P = major phosphorylation sites; IRS, 
insulin receptor substrate; MEK, mitogen-activated protein kinase/Erk kinase; Shc, Src homology and collagen domain protein.
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maintaining receptor homeostasis, and prevents GRK6/β-
arrestin 1 complex formation. GRK6/β-arrestin 1 represents 
a very powerful activator of IGF-IR-mediated β-arrestin 1 
signaling and promotes cell proliferation and survival (70-72, 
74). This type of signaling is triggered by IGF-IR, not only 
under conditions of abundant natural ligand availability (66), 
but also during oncogenic IGF-IR hyperactivation (eg, by 
Mdm2). It can occur with noncanonical ligands, such as IGF-
IR-targeting therapeutic antibodies and LL-37 (59, 65, 67, 70-
72, 74, 75). GRK6/β-arrestin 1 signaling downstream IGF-IR 
not only activates robust MAPK/AKT survival pathways but 
also inhibits tumor suppressor p53 signaling; however, this 
occurs at the cost of substantial IGF-IR internalization and 
degradation (Fig. 2) (59, 65, 67, 70-72, 74)

Recognition of multiple signaling pathways downstream 
IGF-IR, including those associated with G proteins and 
GRK/β-arrestins, provides a plausible mechanistic explanation 
for the apparent paradox underlying intrinsic receptor kinase-
disengaged signaling. In this scenario, kinase-independent re-
ceptor downregulation by the anti-IGF-IR targeting antibody, 
CP (67) or kinase-independent signaling activation (68), be-
comes integral to functional selectivity (biased signaling [BS]) 
of IGF-IR (52, 59, 65, 67, 70-72, 74) (Fig. 3).

IGF-IR Biased Signaling
BS (functional selectivity, allosteric modulation) is defined as 
the capacity of a receptor/ligand complex to preferentially ac-
tivate a particular downstream signaling pathway accessible 
to that receptor while not initiating signaling through others. 
Because of receptor/ligand pairing, BS could be initiated by 
biased ligands (agonists that preferentially activate certain 
signaling pathways), biased receptors (specific modifications 
of the receptor/transducer interface), or system bias (relative 
expression levels of signal transducers) (Fig. 3).

Studies identifying GRK/β-arrestin as a signaling micro-
processor complex downstream from IGF-IR reveals a re-
markable characteristic for this prototypical RTK. Namely, 
β-arrestin not only triggers IGF-IR internalization, but also 
initiates its own second signaling wave mediated through 
MAPK/ERK. This β-arrestin-mediated ERK signaling, similar 
to the β-arrestin role in GPCR signaling, is independent of 
intrinsic IGF-IR kinase signal activation. Importantly, it may 
occur when the tyrosine kinase domain is inhibited (76) or 
following receptor interactions with kinase-inhibitory lig-
ands such as anti-IGF-IR antibodies (67). Just as G-protein 
signaling may be unbalanced, so too might downstream 
IGF-IR signaling be unbalanced and kinase-, β arrestin-, or 
G protein-biased (Fig. 3). Kinase-BS was demonstrated with 
biased receptors (mutant IGF-IRs). These proteins are incap-
able of binding β-arrestins (77). In contrast, β arrestin-BS can 
occur with biased ligands (eg, LL-37, antibodies targeting 
IGF-IR), biased receptors or as a consequence of system bias.

IGF-IR Bioactivities
The IGF System and Immune Function
IGF-I and its extensive pathways regulate immune function 
(reviewed in Smith and Janssen (13, 78)). Professional im-
mune cells express IGF-I, IGF-IR, and IGFBPs. Further, IGF-I 
may stimulate their proliferation and modulate humoral and 
cellular immune functions. These regulatory effects include 
B-cell immunoglobulin secretion, thymulin expression/release 

from thymic epithelial cells, natural killer cell activity, and neu-
trophil/macrophage oxidative burst and killing capacity (79). 
IGF-I can expand peripheral circulating and lymphoid organ 
residing T- and B-cell populations, increasing their biological 
impact. It enhances antibody responses (80), and IL-10 and 
IL-4 generation. IL-10 typically exhibits anti-inflammatory 
actions; thus, IGF-I might inhibit Th1-mediated responses 
through production of the cytokine in T cells (81). Myeloid 
cells, including monocytes and macrophages, generate higher 
IGF-I levels than do peripheral lymphocytes (80). Bone 
marrow stromal cells and thymic epithelial cells also generate 
IGF-I (80). Autocrine/paracrine-stimulated IGF-I release oc-
curs immediately following T-cell activation, causing IGF-IR 
down-regulation (82), coincident with receptor activation. 
IGF-I in culture medium increases IGF-IR internalization 
and phosphorylation, resulting in MAPK phosphorylation. 
Consequently, IL-2 and CD25 synthesis is upregulated (82). 
TNF-α, colony-stimulating factors, and prostaglandin E2 all 
induce IGF-I production in macrophages through separate 
pathways (80), whereas interferon-γ attenuates its expression 
(80).

Implication of IGF-IR and Anti-IGF-IR 
Autoantibodies in TED
Close association between the thyroid gland and IGF-I was 
identified several decades ago when Ingbar and colleagues de-
scribed enhancement of TSH action by IGF-I and insulin (83). 
An additional twist was added by Weightman et al., who re-
ported the IGF-I displacing ability of GD-IgG from fibroblast 
surface binding sites (84). Pritchard et  al. ultimately estab-
lished the binding site identity as IGF-IR by using the specific 
IGF-I analogue, Des 1-3 (85). Subsequently, Pritchard et al. 
found that GD-IgGs can induce chemokines in TED orbital 
fibroblasts (85, 86). Their studies further demonstrated that 
GD-IgG could mimic the actions of IGF-I , whereas rhTSH 
failed to do so (85). Those binding sites had an apparent 
dissociation constant of 0.5  nM, which is consistent with 
earlier studies of IGF-IR binding characteristics (85). In con-
trast, IgG from healthy controls failed to compete with IGF-I 
binding to these cells. This same group then reported that 
IGF-IR and TSHR form a physical and functional signaling 
complex and that inhibiting IGF-IR attenuates signaling ini-
tiated from both receptors (36). Thus, several clues suggest 
IGF-IR involvement in GD and TED, providing the rationale 
for considering this pathway as a potential therapeutic target. 
The existence of autoantibodies directed at IGF-IR, and es-
pecially those with IGF-IR-activating properties, as distinct 
from TSHR antibodies, has led to contentious debate (87, 
88). Some studies have demonstrated IGF-IR antibodies, 
whereas others have failed to detect them (89-92). Use of sub-
stantially different assays for detecting IGF-IR autoantibodies 
and lack of experimental standardization may underlie these 
divergent findings. In addition, these studies examined only 
effects of GD-IgGs on intrinsic IGF-IR tyrosine phosphoryl-
ation. As discussed previously, alternative signaling pathways 
downstream of IGF-IR use G proteins and GRK/β-arrestins 
in a kinase-independent manner. Further, IGF-IR antibodies 
have been detected in a mouse model of GD manifesting 
some features of TED (93). That model involved the immun-
ization of mice with TSHR A subunit encoding plasmids. At 
the heart of the debate over IGF-IR autoantibodies is whether 
all GD-IgG activities can correctly be attributed to those 
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targeting TSHR. Speaking against that possibility, Pritchard 
et  al. demonstrated identical IGF-IR signal-initiating activ-
ities in sera and IgGs from patients with rheumatoid arthritis 
but not manifesting GD or TED (94). These findings in aggre-
gate in 2010 provided a plausible predicate for empirically 
determining whether inhibiting IGF-IR represented a poten-
tial therapy for TED. Two placebo-controlled, double-masked 
trials of teprotumumab, an IGF-IR-blocking monoclonal 
antibody, were conducted in multiple centers across North 
America and Europe (95, 96). Both studies demonstrated 
that the drug could effectively reduce both activity and se-
verity of TED. Importantly, 2 impactful manifestations of 
TED, proptosis and diplopia, which are not reliably improved 
with any other medical therapies, responded dramatically to 
teprotumumab. The magnitude of response of proptosis was 
equivalent to the best surgical results thus far reported. In our 
view, these remarkable therapeutic responses constitute the 
most unambiguous evidence supporting the important role of 
IGF-IR in the pathogenesis of TED.

What Is the Basis for Teprotumumab Effectiveness 
in TED?
IGF-I signaling pathways promote and sustain the malig-
nant cellular phenotype. Thus, potential for therapeutically 

targeting IGF-IR in cancer has been extensively investigated 
(51, 97, 98). To that end, multiple IGF-IR inhibitors (eg, 
IGF-IR blocking antibodies and kinase inhibitors) were de-
veloped for clinical testing against a variety of neoplasms. To 
date, none of these drug candidates demonstrated convincing 
effectiveness in multiple clinical trials. As a consequence, the 
potential therapeutic value of IGF-IR inhibition for cancer 
therapy remains widely debated. On the other hand, the clin-
ical success of IGF-IR inhibition in TED by teprotumumab 
both in formal, placebo-controlled clinical trials and in wide-
spread use in North America has reinvigorated interest in 
therapeutic targeting IGF-IR.

Although teprotumumab has proven effective and rela-
tively safe in the treatment of TED, long-term observations, 
beyond those thus far reported (99) are currently unavailable. 
Many questions pertaining to IGF-IR, its relationship with 
TSHR, and how the drug might be disrupting this protein/
protein interaction remain to be answered (Fig. 4).

Both receptor pathways need to be dissected at three distinct 
mechanistic layers. The input layer, represents each receptor 
protein and its respective ligands, including canonical (eg, IGF-
I, TSH) and noncanonical (eg, autoantibodies directed against 
TSHR [AABTSHR] and IGF-IR [AABIGF-IR]). For both TSHR and 
IGF-IR, these antibodies can be stimulatory (+), neutral, and 

Figure 3.  Balanced vs biased IGF-IR signaling. IGF-I (balanced agonist) binding to IGF-IR within an unbiased system (GRKs and β-arrestin [βarr] balance) 
exhibits equivalent potencies for all signaling pathways, tyrosine kinase (T), βarr signaling (β), and G-protein signaling (G). Cell surface IGF-IR levels 
are preserved by GRK2/βarr2 (receptor recycling) and balanced by GRK6/βarr 1 (receptor degradation). Functional selectivity (biased signaling toward 
specific pathways) could be achieved by biased ligands (eg, anti-IGF-IR antibodies) or biased receptors (eg, TK inhibitors). System bias may be achieved 
through differential expression/inhibition of signaling effectors or cofactors, such as GRK and/or βarr isoforms. Demonstrated here is a model based on 
βarr biased signaling activation by anti-IGF-IR antibodies (eg, figitumumab), resulting in IGF-IR downregulation with cancer-protective βarr-ERK biased 
signaling activation.
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inhibitory (-). Within the second mechanistic layer, G proteins 
and GRK/β-arrestin signaling cascades are triggered by TSHR, 
IGF-IR, or both, with the latter additionally activating the tyro-
sine kinase-dependent pathways. Various downstream signaling 
pathways ultimately activate specific transcription factors, 
generating a narrowly regulated biological effect within the re-
sponse layer. Fundamental to this paradigm is acceptance that 
TED pathogenesis involves stimulatory AABTSHR+ representing 
the dominant pathogenic TSHR ligand. In contrast, the mech-
anism through which IGF-IR activation occurs remains debated. 
Canonical ligands, stimulatory AABIGF-IR and TSHR-dependent 
transactivation remain viable mechanistic possibilities, based on 
the known mechanisms of IGF-IR activation. Several models in-
volved in IGF-IR activation deserve consideration:

	(1)	An independent model involves TSHR and IGF-IR func-
tioning as separate entities. In this scenario, TED results 
from canonical IGF-IR activation by systemic or locally 
generated IGF-I or IGF-II. Within this model, stimulatory 

AABIGF-IR could be proposed as potential IGF-IR signaling 
activators.

	(2)	Codependent IGF-IR signaling model in which IGF-IR 
activation results from stimulatory AABIGF-IR ligation and 
resulting biological effects are also dependent on cross-
talk at the second layer of the signaling pathways down-
stream from IGF-IR and TSHR.

	(3)	Codependent TSHR signaling model in which unligated 
IGF-IR becomes transactivated by TSHR. This scenario 
excludes the possibility of IGF-IR activation by AABIGF-IR 
and localizes IGF-IR/TSHR codependency to the first 
layer where: AABTSHR activates TSHR, which in turn 
transactivates IGF-IR. In this scenario, partial IGF-IR ac-
tivation could result in substantially overlapping down-
stream signaling pathways triggered by the IGF-IR/
TSHR complex. In this model, teprotumumab-engaged 
IGF-IR cannot be transactivated.

	(4)	Codependent IGF-IR/TSHR signaling model in which 
both ligated IGF-IR and TSHR interact at the first and 

Figure 4.  Modeling proposed for teprotumumab mechanism of action in TED. (A) IGF-IR/TSHR system can be dissected into 3 distinct layers. The 
input layer comprises ligands (canonical or autoantibodies) and surface receptors. Following stimulation, signal transmission within second layer is 
controlled by a variety of messenger proteins. Confluence of signaling cascade components results in transcription factor activation within output layer. 
These factors control site-specific transcription and generate distinct biological effects. (B) Potential alternative signaling in TED, based on different 
mechanisms of IGF-IR activation. (1) Independent model: TSHR and IGF-IR function as separate entities. IGF-IR and TSHR activated as indicated with 
independent downstream signaling. Teprotumumab effects result entirely from IGF-IR inhibition. (2) Codependent IGF-IR signaling: IGF-IR activated by 
AABIGF-IR ligation. Biological effects are codependent on crosstalk between IGF-IR and TSHR downstream signaling pathways. Teprotumumab effects 
result from both IGF-IR and codependent TSHR inhibition. (3) Codependent TSHR signaling: AABTSHR activates TSHR, which in turn transactivates IGF-IR. 
Downstream IGF-IR/TSHR signaling pathways overlap extensively and are simultaneously triggered by activation of both receptor proteins. In this 
scenario, teprotumumab-engaged IGF-IR fails to become transactivated, whereas TSHR signaling remains unaffected. (4) Codependent IGF-IR/TSHR 
signaling: ABBTSHR engages TSHR, whereas IGF-IR becomes ligated with ABBIGF-IR. Both receptors are activated, generating protein crosstalk at both first 
and second layers. Teprotumumab would affect both IGF-IR activation as well as the receptor/signaling crosstalk.
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second layer. In this scenario, TSHR is engaged with 
ABBTSHR, whereas IGF-IR becomes ligated with ABBIGF-IR. 
In this scenario, autoantibody engagement of each re-
ceptor results in distinct signaling properties, each pro-
viding a necessary component(s) of cellular response (not 
provided by the other receptor pathway).

These 4 theoretical models appear congruent with the clinical 
responses to teprotumumab; however, only scenarios embracing 
the role of AABIGF-IR can fully explain the previous observa-
tions that (1) GD-IgG competes with IGF-I binding to IGF-IR 
and (2) IgG from patients with rheumatoid arthritis initiate 
IGF-IR signaling (94). The IGF-IR codependent models (ie, 
scenarios 2 and 4) appear fully supported by experimental data 
demonstrating impaired TSHR signaling followed IGF-IR in-
hibition. These IGF-IR codependent models could explain why 
TED responds to teprotumumab in conditions of TSHR/IGF-IR 
codependency. Within these proposed mechanisms, an AABIGF-IR/
IGF-1R interaction is anticipated to induce conformational 
changes that could be selectively prevented by therapeutic IGF-
IR-targeting antibodies. As such, the therapeutic responses to 
teprotumumab might prove antibody and/or patient specific.

Concluding Remarks
Expanding insights into TED pathogenesis have yielded un-
precedented opportunities for better treating the disease. Our 
current understanding of the central role played by CD34+ 
fibrocytes suggests that these cells and their putative deriva-
tives, CD34+ orbital fibroblasts, can be therapeutically tar-
geted. Fibrocytes display functional TSHR/IGF-IR signaling 
complexes, through which these cells can be activated to ex-
press disease-consequential genes. The specific pathogenic 
roles played by autoantibodies against TSHR and IGF-IR re-
main to be disentangled as do the physical protein-protein 
interactions between the 2 receptors. The GRK/arrestin 
system downstream from TSHR also remains incompletely 
understood. Consequently, the nature of TSHR/IGF-IR cross-
talk must be elucidated. The distinction between canon-
ical, tyrosine kinase-dependent, and noncanonical, tyrosine 
kinase-independent signaling represents an evolving concept, 
the dimensions of which may have proximate relevance to 
TED. Although the mechanisms underpinning its actions re-
main to be unambiguously resolved, the monoclonal IGF-IR 
inhibitor teprotumumab improves the activity and severity of 
TED, in large part by reducing inflammation, proptosis, and 
diplopia. Teprotumumab use is associated with several ad-
verse event, including hyperglycemia and hearing abnormal-
ities; thus, best medical practices must be followed in patients 
undergoing treatment with this drug. The advent of targeted 
therapies for TED represents the initial migration toward 
developing strategies for retolerizing the immune system to 
relevant autoantigens, including TSHR and IGF-IR.
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