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Thyroid eye disease (TED) is a chronic autoimmune disorder characterized by proptosis, diplopia, periorbital edema, and
vision impairment, severely impacting patients’ quality of life. Conventional treatment for moderate-to-severe TED, defined
by a clinical activity score (CAS) >4, proptosis >3 mm, and/or diplopia, has been limited to high-dose glucocorticoids,
radiotherapy, and surgery. However, advances in understanding TED pathogenesis, particularly the roles of the insulin-like
growth factor 1 receptor (IGF-1R) signaling and orbital fibroblast activation, have enabled development of targeted biological
therapies including teprotumumab, the first FDA-approved IGF-1R inhibitor. Building upon these developments, this review
systematically examines the evolving landscape of TED pathophysiology and its clinical translation. A comprehensive evaluation
of emerging targeted therapies reveals both promising efficacy profiles and highlights potential limitations. Concurrent progress in
biomarker discovery and mechanistic insights may soon enable more tailored and effective management strategies for TED patients.
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Introduction

First described in the early 1800s, TED, also known as Graves’
orbitopathy (GO), is a significant disorder that commonly occurs
in patients with Graves’ disease (GD) Il TEDis a significant
disorder occurring in roughly 25% to 50% of patients with GD
with an estimated prevalence of 2% and an annual incidence rate
of 20 cases per 100,000 individuals®=. Given this high propor-
tion of GD patients developing TED, a substantial population
is at risk for ocular complications. The estimated incidence of
TED is 5 per 100,000 per year, with a population prevalence of
about 155 per 100,0004%.

TED follows a biphasic course, an active (inflammatory) stage
and an inactive (fibrotic) stage. In the active phase, orbital tis-
sues undergo immune-mediated inflammation driven by autore-
active T cells, B cells, and cytokine release. This manifests
clinically as eyelid retraction, proptosis, diplopia, periorbital
edema, and pain®®, Without intervention, this phase typically
lasts 6-24 months before transitioning to the inactive phase,
where inflammation resolves but often results in fibrotic remod-
eling. This causes stable structural complications like restrictive
strabismus, eyelid malposition, and in severe cases, optic neu-
ropathy™.

The pathogenesis involves complex interactions among gen-
der, environmental factors, and immune dysregulation, all of
which contribute to the disease’s development and severity. Be-
cause autoimmunity predominantly affects women, female gen-
der is a strong risk factor: females are three times more likely

than males to develop TEDY. Among environmental triggers,
cigarette smoking is highly significant; smokers have a substan-
tially increased likelihood of developing TED (OR = 4.4, 95%
CI2.88 - 6.73)1H12,

At its essence, TED involves immune dysregulation charac-
terized by a breakdown of self-tolerance, triggering autoreactive
T and B cells. These autoreactive immune cells, along with
thyroid-stimulating autoantibodies (TSAbs) secreted by B cells,
activate orbital fibroblasts. Once activated, fibroblasts recruit
additional autoreactive T cells into the orbit. Reciprocal activa-
tion occurs between infiltrating T cells and orbital fibroblasts
via MHC II and CD40/CD40L signaling pathways, fostering a
proinflammatory and profibrogenic environment that promotes
connective tissue remodeling*'1%, Moreover, autoreactive T
cells, upon recognizing antigen presented by B cells, amplify
the B-cell response through costimulatory signals, generating
pathogenic TSAbs that drive disease progression‘>.

The treatment of TED currently remains predominantly fo-
cused on alleviating its symptoms and is stage dependent. For
active TED, high-dose glucocorticoids remain first-line, but
provide limited long-term proptosis improvement while posing
risks of metabolic complications (e.g., weight gain, diabetes,
osteoporosis)'®. These medications tend to be more efficacious
when administered in the early stages of the disease''’. Teprotu-
mumab, the first FDA-approved targeted therapy for both active
and inactive TED, inhibits IGF-1R signaling and reduces prop-
tosis and inflammation, but its use faces challenges including
high cost, side effects (e.g., hearing impairment), and uncertain
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efficacy in inactive disease or long-term management. Further-
more, with no currently approved drugs specifically targeting
fat expansion or fibrotic remodeling in inactive TED, surgical
intervention remains the standard approach to restore visual
function and correct disfigurement'Z,

This review synthesizes evolving insights into TED patho-
genesis and the expanding pipeline of novel therapies, critically
evaluating their potential to change clinical practice. By ex-
ploring connections between molecular drivers and emerging
treatments while addressing translational limitations and future
directions, this review highlights how the convergence of disease
insights, biomarker discovery, and novel targeted therapies may
ultimately optimize patient outcomes.

Methods

This review was conducted through a systematic literature search
to summarize the molecular mechanisms, standard of care, novel
therapies, and biomarker development in TED. The search was
performed on PubMed, Google Scholar, and Google Search
for relevant studies published between January 1, 1980 and
March 1, 2025 to ensure comprehensive coverage of current
evidence. A combination of keywords and phrases was em-
ployed in the search strategy. The keywords included “thyroid
eye disease”, “TED”, “Graves’ ophthalmopathy”, “thyroid stim-
ulating hormone receptor”, “TSHR”, “IGF-1R”, “T/B cell inter-
action”, “Autoantibodies”, “Orbital fibroblasts”, “Hyaluronan”,
“Cytokines”, “IL-6/IL-6R”, “IL-11/IL-11R”, “CD40/CD40L”,
“0X40/0X40L”, “FcRn” “Tepezza”, “Linsitinib”, “K1-70”,
‘Efgartigimod”, “Batoclimab”, “Tocilizumab, “Satralizamab”,
“Pacibekitug”, and “TED biomarkers”. These terms were care-
fully selected to cover all critical aspects related to TED patho-
genesis, key molecular pathways, novel therapeutic targets, and
biomarker discovery.

Inclusion criteria encompassed English-language experimen-
tal studies, clinical trials, and comprehensive reviews exploring
TED molecular mechanisms, the roles of specified molecules,
therapeutic agent effectiveness and safety profiles, advances in
biomarkers and precision medicine. Exclusion criteria included
studies that did not address the molecular mechanisms of TED,
the associated molecules, or the therapeutic strategies related to
the keywords. Additionally, studies that lacked sufficient data
for a meaningful analysis, such as those with incomplete report-
ing of experimental results or unclear methodologies, were not
included in this review.

Pathogenesis of TED

The complex interplay of immune cells, cytokines, and signaling
pathways driving both active inflammation and fibrotic remod-
eling in TED is summarized in Figure 1. Active TED develops

through an autoimmune cascade initiated by dysregulated im-
mune cells. Antigen-presenting cells (APCs), such as dendritic
cells, recognize autoantigens like the thyroid stimulating hor-
mone receptor (TSHR) and IGF-1R overexpressed on orbital
fibroblasts'®2Y, These APCs migrate to draining lymph nodes
where they present autoantigens, activating naive T cells and B
cells. This process triggers the generation of follicular helper
T cells (Tth cells), effector T cells, and low-affinity IgM+ B
cells?!, Elevated Ttfh cells, found in circulation and orbital infil-
trates and linked to disease severity, critically mediate the B cell
response?Z. CD40L on Tth cells binds CD40 on B cells, provid-
ing essential costimulation alongside antigen recognition, which
ultimately drives B cell activation, proliferation, and differenti-
ation into high-affinity TSAb-secreting plasma cells=. Mean-
while, TSHR-autoreactive effector T cells infiltrate the orbit and
activate orbital fibroblasts via CD40/CD40L and OX40/0X40L
interactions, leading to the secretion of chemokines (e.g., [L-16,
CXCL10), proinflammatory cytokines (IL-6, TNF-), and profi-
brogenic factors (TGF-f3, IL-11)2#22. Among these cytokines,
IL-6 plays a central role in promoting B cell activation, plasma
cell maturation, and Tth development, whereas IL-11 drives the
terminal differentiation of orbital fibroblasts into myofibroblasts
via ERK/STAT3 signaling.

This differentiation process upregulates fibrosis markers (o-
SMA, collagen) and promotes extracellular matrix deposition,
directly contributing to restrictive strabismus, eyelid malposi-
tion, and proptosis>2°. Concurrently, TSAbs binding TSHR
activate Gs/Gq signaling, driving excessive synthesis of hyaluro-
nan (HA). As a highly hydrophilic glycosaminoglycan, HA
accumulation causes osmotic swelling and tissue expansion in
the orbit. Furthermore, IGF-1R signaling, either directly or via
crosstalk with TSHR, synergistically enhances HA production
through PI3K/Akt and MAPK pathways’. This pathogenic
autoantibody activity is prolonged by the neonatal Fc receptor
(FcRn), which protects TSAbs from degradation?8??. Taken
together, this dysregulated network of B and T cell interactions,
sustained CD40/CD40L signaling, T cell-fibroblast crosstalk,
TSHR/IGF-1R synergy, excess cytokine production, and FcRn-
mediated antibody recycling collectively drives acute orbital
inflammation and the pathological tissue expansion characteris-
tic of TED.

As the acute inflammatory phase subsides over months to
years, unresolved tissue injury transitions toward chronic, sus-
tained structural alterations, the hallmark of inactive TED. The
core pathophysiology shifts from active inflammation to sus-
tained mechanical impact caused by accumulated extracellular
matrix components and fibrotic remodeling driven by persis-
tent profibrogenic factors'>>3Y This fibrotic transformation
involves continued myofibroblast activity that generates dense
scarring within extraocular muscles through excessive collagen
deposition and «-SMA expression, coupled with adipogenic

fibroblast differentiation that promotes orbital fat expansion®*.
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Residual HA-mediated edema further contributes to ongoing
volume expansion. These changes result in structural damage
including proptosis (from combined fibrotic fat expansion, mus-
cle enlargement, and residual edema), restrictive myopathy (due
to stiffened extraocular muscles impairing ocular motility), and
eyelid retraction (resulting from fibrosis of the levator palpebrae
superioris and Miiller’s muscles)®=L.

Approved targeted therapy: Teprotumumab (for
active and inactive TED)

The approval of teprotumumab for TED has been a significant
breakthrough, offering patients a more effective treatment al-
ternative to traditional glucocorticoid-based therapies. As a tar-
geted biologic, teprotumumab exerts its therapeutic effect by in-
hibiting IGF-1R, thereby disrupting the pathogenic TSHR/IGF-
IR signaling crosstalk in orbital fibroblasts and preventing their
activation. The clinical efficacy of teprotumumab for both active
inflammatory TED and chronic, low-activity disease is sup-
ported by two pivotal randomized controlled trials (RCTs). In
the OPTIC study (NCT03298867), patients with active TED,
defined as CAS >4 and disease duration <9 months, who re-
ceived teprotumumab (N = 41) showed significantly greater
improvements in proptosis, diplopia, and quality of life versus
placebo (N = 42)32. Specifically, teprotumumab treatment re-
sulted in a mean proptosis reduction of 2.82 mm compared to
0.54 mm with placebo, with 83% of treated patients achieving
>2 mm improvement (versus only 10% of placebo patients).
Significant benefits were also seen in diplopia (68% improve-
ment vs 29%) and quality of life (GO-QOL score improvement
of +13.8 vs +4.4). Despite these positive results, the mod-
est cohort sizes limit statistical power for subgroup analyses
and rare adverse event detection, while strict exclusion crite-
ria (e.g., optic neuropathy, prior steroid use, or spontaneous
improvement pre-baseline) constrain generalizability to severe
or treatment-experienced cases. Importantly, teprotumumab’s
benefits extend beyond acute disease. The subsequent Phase 4
trial (NCT04583735) demonstrated its efficacy in chronic TED
(disease duration 2—10 years, CAS <1), with treated patients (N
=42) achieving a mean proptosis reduction of 2.41 mm versus
0.92 mm in the placebo group (N = 20), and a response rate of
62% versus 25%-3.

Furthermore, analysis of long-term follow-up data for tepro-
tumumab from pooled open-label extension studies of three
clinical studies showed sustained improvements up to 51 weeks
post-treatment=#. Key findings included high responder rates
for CAS (91.2%), diplopia (72.9%), and proptosis (67.9%),
alongside significant quality-of-life enhancements~*. However,
durability analyses revealed that 37% (11/30) of patients who
initially responded to teprotumumab treatment in the OPTIC
trial experienced proptosis relapse during the 48-week follow-

up period, though 60% of these patients responded again to
retreatment. These findings position teprotumumab as an impor-
tant advancement in active and chronic TED treatment, though
longer-term studies with larger cohorts are needed to fully eval-
uate sustained efficacy and optimal retreatment approaches.

Despite its efficacy, teprotumumab is associated with various
adverse effects, including muscle spasms, nausea, alopecia, diar-
rhea, and fatigue. Hyperglycemia (8-15% of patients) and hear-
ing impairment (12-20% of patients) are particularly concerning
and have prompted FDA warning labels for both effects=233133,
The hyperglycemia risk stems directly from teprotumumab’s
mechanism of action by inhibiting IGF-1R and interfering with
insulin-mediated glucose regulation“®. Therefore, diabetic pa-
tients require close monitoring and may need adjusted glycemic
control during treatment. Equally noteworthy are the auditory
complications, which were reported in 12% of patients in the
Phase 2/3 trials and up to 22% in chronic TED patients with
most cases being reversible. However, emerging evidence sug-
gests hearing impairment may be more frequent than initially
reported, with some cases progressing to permanent hearing
loss*232 The risk appears substantial, as teprotumumab use is
associated with a 24-fold increased likelihood of any hearing
disorder®’. Clinical observations reveal that approximately 50%
of patients with abnormal baseline audiometry experience sig-
nificant hearing deterioration during treatment*!. The spectrum
of auditory effects ranges from mild symptoms like tinnitus
and ear fullness to profound deafness. This ototoxicity likely re-
flects the drug’s on-target effects, given IGF-1’s well-established
role in auditory function. Preclinical models show that IGF-1-
deficient mice develop premature hearing loss due to inner ear
degeneration, while humans with IGF-1 deficiencies (e.g., Laron
syndrome) frequently exhibit hearing impairment*“43, Given
these risks, baseline audiometry and ototoxicity monitoring are
strongly recommended for teprotumumab treatment.

Emerging targeted therapies in clinical develop-
ment

Therapies targeting active inflammatory TED
IGF-1R small molecule inhibitors

The emergence of oral IGF-1R small-molecule inhibitors marks
a strategic shift in TED therapy, addressing the intravenous dos-
ing limitations of teprotumumab. Linsitinib, a potent tyrosine ki-
nase inhibitor, binds the IGF-1R cytoplasmic domain to disrupt
TSHR/IGF-IR crosstalk and downstream signaling pathways“%,
Recently, the Phase 2b/3 LIDS trial (NCT05276063) evaluating
linsitinib in active, moderate-to-severe TED reported topline
results: oral administration (150 mg twice daily) achieved a
statistically significant 52% proptosis responder rate (>2 mm
reduction at week 24) versus placebo®>. While this represents a
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clinically meaningful effect approaching teprotumumab’s bench-
mark despite differential administration routes, additional stud-
ies will be needed to fully characterize linsitinib’s safety profile
and long-term efficacy compared to existing therapies.

TSHR antagonists

Since the pathogenesis of TED involves improper TSHR acti-
vation on orbital fibroblasts by TSAbs, blocking this interac-
tion represents a promising therapeutic strategy. This approach
is exemplified by K1-70, a high-affinity human monoclonal
TSHR-blocking antibody that prevents receptor stimulation by
TSAbs#®. Recent Phase I clinical trial data (NCT02904330)
in 18 Graves’ disease patients (44% with orbitopathy) demon-
strated K1-70’s favorable safety profile, with no serious adverse
events reported and only mild-moderate fatigue and diarrhea
observed*’. K1-70 showed clear dose-dependent pharmaco-
dynamic effects. Doses of 25 mg IM, 50 mg IV, and 150 mg
IV consistently reduced free triiodothyronine/free thyroxine
while elevating thyroid stimulating hormone within 28 days,
confirming target engagement. Notably, 8/18 subjects showed
clinically meaningful TED improvements, including reductions
in proptosis (up to 8 mm), decreased conjunctival redness, and
resolution of photosensitivity and grittiness, with benefits per-
sisting beyond the 100-day study period. These early positive
results suggest K1-70’s potential to ameliorate both thyroid dys-
function and orbital pathology; however, they require further
confirmation in controlled Phase II studies.

FcRn antagonists

FcRn antagonists offer a novel therapeutic strategy for TED by
interfering with immunoglobulin G (IgG) salvage pathways.
FcRn mediates IgG protection from lysosomal degradation,
thereby extending the half-life of pathogenic TSAbs that drive
TED pathogenesis®®“8. By blocking FcRn, these therapies
promote accelerated degradation of pathogenic autoantibod-
ies. Efgartigimod, an engineered Fc fragment that blocks IgG
salvage via FcRn binding and approved for other autoantibody-
mediated diseases, is currently being evaluated in a Phase 3 TED
trial (NCT06307613), with results expected in 202740, Simi-
larly, batoclimab, an anti-FcRn antibody, demonstrated potent
pharmacodynamic effects in two clinical trials (NCT03922321,
NCT03938545)>1. Treatment resulted in rapid, dose-dependent
reductions in total IgG (75-80% with 680 mg; P <0.001) and
TSH receptor autoantibodies (30-60%; P <0.05-0.001). Early
proptosis improvements were observed at weeks 4-13 (P <0.05),
and significant reductions in orbital muscle volume occurred at
week 12 (4.1 cc with 680 mg; P <0.03). However, the primary
endpoint (week 12 proptosis response) was not met due to early
trial termination due to unanticipated LDL-C elevations (59%
with 680 mg; P <0.001). While early results have been mixed,

the rationale for FcRn antagonism in TED remains compelling
because it directly targets the autoimmune mechanism through
depletion of pathogenic TSAbs. Nevertheless, confirmation of
safety and robust efficacy for key endpoints such as proptosis
reduction will require Phase 3 trial results.

IL-6/IL-6R antagonists

The IL-6 pathway has emerged as a promising therapeutic tar-
get in TED, supported by its well-established role in disease
pathogenesis. Tocilizumab, a first-generation IL-6 receptor an-
tibody, has demonstrated therapeutic potential in clinical trials.
In an investigator-initiated randomized trial (NCT01297699),
tocilizumab demonstrated superior efficacy versus placebo in
corticosteroid-resistant TED patients with 93.3% achieving
>2-point CAS reduction compared to 58.8% in the control
group. Notably, 86.7% reached inactive disease status (CAS
<3) and reduced proptosis (1.5 mm)=2. These findings were
reinforced by an observational study of 12 patients with ac-
tive, corticosteroid-resistant, moderate-to-severe TED, where
all participants achieved both at least a 2-point CAS reduction
and inactive disease (CAS <3) within six weeks of treatment>>.
However, both studies noted limitations, including modest ef-
fects on diplopia, small sample sizes, short follow-up (<40
weeks), and exclusion of high-risk groups (e.g., smokers). The
safety profile appeared generally acceptable, with transient hy-
percholesterolemia and rare infections being the most notable
adverse events. Development of newer anti-IL-6 agents contin-
ues, though clinical data remain preliminary. Satralizumab, an
anti-IL-6 antibody with extended half-life, is currently being
evaluated in two Phase 3 trials (NCT05987423, NCT06106828)
in patients with both active and inactive TED. Its prospect of
monthly dosing regimen may offer advantages in patient conve-
nience and compliance®®. Similarly, pacibekitug or TOUR-006,
previously known as PF-04236921, is a fully human monoclonal
anti-IL-6 antibody and now undergoing Phase 2b development>.
Importantly, neither agent has completed pivotal trials for TED
indication, and their efficacy and safety profiles in this specific
population are not yet established.

CD40/CD40L antagonists

Inhibition of CD40/CD40L signaling presents a multipronged
therapeutic opportunity in TED as it targets several disease
mechanisms including activation of B cells, induction of
pathogenic TSAD secretion, and direct activation of orbital fi-
broblasts. Early clinical support for this approach comes from a
Phase 2 trial of iscalimab (NCT02713256), an anti-CD40 mono-
clonal antibody, in Graves’ disease patients (N = 15). Treatment
(10 mg/kg IV every 2—4 weeks for 12 weeks) yielded significant
thyroid hormone normalization without rescue medication in 7
patients (47%), and universal reductions in TSAbs (mean 66%
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reduction, P <0.001)°. Of particular interest, two patients with
coexisting orbitopathy exhibited improvements in eye symptoms
following treatment. However, iscalimab’s efficacy in TED re-
mains preliminary. Similarly, Lu AG22515, a novel anti-CD40L
single-chain variable fragment fusion protein, is currently under-
going Phase 1b evaluation for TED (NCT06557850)>Z. As of
now, no clinical efficacy data have been reported for this agent.

Therapies targeting fibrosis and orbital remodeling
IL-11 antagonist

An emerging strategy to address irreversible fibrotic remodeling
in chronic/inactive TED focuses on IL-11, which is significantly
elevated in the serum and orbital connective tissues of TED pa-
tients, with levels correlating with CAS and disease severity>.
Moreover, the therapeutic rationale is further strengthened by
the predominant expression of IL-11R¢ on orbital fibroblasts.
Preclinical studies have demonstrated that anti-IL-11 antibod-
ies effectively inhibit myofibroblast differentiation and collagen
synthesis in vitro, suggesting therapeutic potential for preventing
or reversing established fibrosis. Early clinical evaluation is now
underway with the Phase 1/2a trial of LASNO1 (NCT05331300),
which is assessing safety, tolerability, efficacy, and pharmacoki-
netics in healthy subjects as well as patients with pulmonary
fibrosis or TED®®. Unlike conventional anti-inflammatory ther-
apies, IL-11 antagonism offers a pathway-specific strategy tar-
geting fibrotic progression.

Comparative analysis of therapeutic options and
treatment selection framework

The rapidly evolving therapeutic landscape for moderate-severe
TED necessitates a nuanced approach to treatment selection, bal-
ancing efficacy, safety, accessibility, and disease phase-specific
considerations. Current options span conventional immunosup-
pressants, targeted biologics, and surgical interventions, each
with distinct risk-benefit profiles®?. For active inflammatory
TED, disease management prioritizes immunosuppression to
halt immune-mediated orbital damage. Glucocorticoids serve as
a cost effective first-line anti-inflammatory anchor, effectively
suppressing immune activity in 58-83% of patients®%°l, How-
ever, their utility is constrained by minimal impact on proptosis
or diplopia and significant metabolic risks (hepatotoxicity at >8
g cumulative doses)®2%3. In contrast, teprotumumab demon-
strates superior efficacy for proptosis reduction (83% vs. 10%
placebo) and diplopia improvement (68% vs. 29%), position-
ing it as the preferred option for moderate-to-severe TED with
significant proptosis or diplopia<%. However, clinicians must
balance its efficacy against substantial costs and risks of oto-
toxicity and hyperglycemia, which require baseline audiometry
and glycemic monitoring. Radiotherapy offers an alternative

for progressive diplopia unresponsive to pharmacotherapy but is
contraindicated in patients <35 years or with diabetic retinopa-
thy due to theoretical carcinogenic and retinopathy risks.

Emerging oral and targeted agents show promise but re-
main investigational. Linsitinib offers convenience over IV-
administered teprotumumab. However, its efficacy trails tepro-
tumumab’s benchmarks, and long-term safety data are pending.
K1-70 reduced proptosis by up to 8 mm in early trials, but its
Phase 1 status warrants validation in larger controlled studies.
Tocilizumab shows promise in steroid-refractory cases (93.3%
CAS reduction vs. 58.8% placebo) but requires long-term data
on diplopia and fibrosis. Efgartigimod, currently in Phase 3
trials for TED, accelerates degradation of pathogenic TSAbs,
potentially disrupting core autoimmune drivers without ototoxi-
city. However, its clinical efficacy in TED remains unconfirmed.

In chronic inactive TED, the therapeutic focus shifts to surgi-
cal rehabilitation for irreversible structural sequelae®*. Surgical
rehabilitation follows a strict sequence: orbital decompression
for proptosis, strabismus surgery for diplopia, and eyelid correc-
tion for retraction. These interventions are performed only after
achieving euthyroidism and disease stability, as surgery dur-
ing active disease exacerbates inflammation and compromises
outcomes®'°®. The emerging anti-fibrotic biologic LASNO1
represents a novel intervention for fibrosis, but its Phase 1/2a
status necessitates cautious optimism pending robust clinical
validation.

Discussion

TED presents significant therapeutic challenges due to its bipha-
sic nature, transitioning from an active inflammatory phase
driven by complex immune pathways to a chronic fibrotic phase.
While teprotumumab’s IGF-1R inhibition represents a landmark
advancement with proven efficacy, its high incidence of hear-
ing loss along with systemic side effects like hyperglycemia
underscores the vulnerability of on-target, off-tissues to IGF-
IR inhibition in TED. This mechanistic insight informs future
development of novel therapies, prioritizing next-generation
IGF-1R antibodies with enhanced tissue selectivity for orbital fi-
broblasts or alternative non-IGF-1R targeting mechanisms. One
conceptual strategy could involve a bispecific antibody design
that simultaneously targets IGF-1R and fibroblast activation
protein (FAP), a cell surface marker predominantly expressed
on activated fibroblasts during the fibroinflammatory phase of
TED®’. By leveraging FAP’s restricted expression in activated
fibroblasts, this approach may mitigate hair cell toxicity. FAP
has emerged as a potential delivery target in multiple fibrotic
diseases, though investigations into FAP-directed optimization
of IGF-1R antagonists for TED remain unexplored®%°. Mean-
while, the therapeutic pipeline continues to diversify with sev-
eral non-IGF-1R targeted agents in clinical development. These
emerging therapies, if successfully developed, could signifi-

© The National High School Journal of Science 2025

NHSJS Reports | 5



cantly expand treatment options for both active and chronic
TED patients, particularly those unsuitable for current IGF-1R-
targeted therapies.

Additionally, teprotumumab’s efficacy is often limited by dis-
ease relapse, potentially linked to persistent memory B cells and
long-lived plasma cells that sustain autoantibody generation?".
Given the role of IL-6 in driving B cell proliferation, differenti-
ation into plasma cells, and antibody production, tocilizumab
has been shown to decrease memory B cell populations and
reduce immunoglobulin levels in autoimmune diseases like SLE
and RAZ!. This suggests a theoretical rationale for combin-
ing teprotumumab with tocilizumab or making a bispecific an-
tibody, which could potentially target both orbital fibroblast
activation via IGF-1R inhibition and modulating humoral im-
mune responses via IL-6 blockade. Supporting this approach, in
vitro studies have revealed that teprotumumab only partially in-
hibits IL-6 production by activated human fibroblasts, indicating
that supplementary IL-6 blockade could offer additional thera-
peutic benefits’%. Such a dual-targeting strategy may achieve
synergistic suppression of disease mechanisms while enabling
dose reduction of both agents, potentially decreasing the risk of
ototoxicity and other adverse effects.

Beyond biological complexities, the therapeutic landscape for
TED is also shaped by economic realities that starkly impact pa-
tient access. As the first FDA-approved biologic for TED, tepro-
tumumab’s pricing model, unmatched by direct competitors,
creates significant financial barriers for patients”>. A single vial
in the US costs between $14,900 and 16,300, and the 24-week
treatment requires 8 infusions. Even with insurance, out-of-
pocket costs from co-pays, deductibles, and coinsurance impose
a heavy burden, while limited coverage or resource constraints
in lower-income settings often deny access to this new therapy'*.
Compounding the issue, the absence of robust cost-effectiveness
studies comparing novel biologics to standard therapies such as
glucocorticoids renders it difficult to justify premium pricing.
Without transparent reimbursement strategies or value-based
models, healthcare providers face ethical dilemmas in balancing
therapeutic efficacy with economic sustainability for patients
and healthcare systems.

Parallel to these economic challenges, TED diagnosis faces
persistent limitations. To date, no robust biomarker has yet
achieved the robustness needed for rapid TED diagnosis or treat-
ment outcome prediction, but recent advances in biomarker
discovery hold promise to improve TED management. Cur-
rently, thyrotropin receptor antibodies (TRAbs) remain the only
validated biomarker in clinical use for GD and TED. High TRAb
levels are associated with development of TED in patients with
GD, and TRAD levels are correlated with inflammatory activ-
ity% However, its clinical utility for TED is limited since
high TRAD titers do not reliably predict TED development in all
GD patients. TSAbs are more specific for stimulatory antibodies
and correlate better with TED severity and specificity””. Ele-

vated TSAD levels may serve as a strong indicator that patients
are likely to respond favorably to TSHR and FcRn antagonists
which disrupt autoantibody-driven fibroblast activation and re-
duce pathogenic antibody persistence. The cytokine profile in
TED patients reveals additional potential biomarkers, with IL-6
levels demonstrating strong correlation with CAS and poten-
tially guiding anti-IL-6 therapy use”’®*’. For fibrosis progres-
sion, elevated TGF-f and IL-11 levels are emerging as valuable
indicators of fibrosis severity and potential predictors of re-
sponse to anti-fibrotic treatments=>. While no biomarker has yet
achieved ideal diagnostic or prognostic performance, these ad-
vances represent significant progress toward personalized TED
management.

In summary, the treatment paradigm for TED is evolving from
broad immunosuppression toward precision therapies targeting
disease-specific pathways. While teprotumumab’s success con-
firms IGF-1R inhibition as a validated approach, its limitations,
including ototoxicity, relapse risk, and high cost, highlight the
need for alternative strategies. Emerging agents against TSHR,
FcRn, IL-6, and CD40/CD40L offer more specific modulation
of both inflammation and fibrotic processes, while oral options
like linsitinib may improve treatment adherence. Concurrent
advances in biomarker research, particularly the characterization
of TSAD, IL-6, and TGF-f3 profiles are paving the way for more
tailored approaches to TED management. As clinical evidence
grows, the combination of pathway-specific treatments with
patient characteristics could lead to improved outcomes across
different disease stages, from active inflammation to chronic
fibrosis, with potentially fewer adverse effects.
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Fig. 1 Pathogenesis of TED. A. Through antigen-specific interactions
with Tth cells and engagement of co-stimulatory molecule pairs such
as CD40/CD40L and OX40/0X40L, low-affinity IgM+ B cells
undergo antibody class-switching and affinity maturation into IgG+
plasma cells that secrete high affinity pathogenic TSAbs. B. The
infiltration of effector T cells, including Th1, Th2, and Th17 subsets,
and their production of proinflammatory cytokines, together with
TSAbs, activate orbital fibroblasts. Activated orbital fibroblasts then
differentiate into myofibroblasts and adipocytes and secrete
proinflammatory cytokines and HA, contributing to the inflammatory
and fibrotic processes in TED3Y,
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Drug Mechanism Phase Population
Teprotumumab IGF-1R mAb 3 (OPTIC) Active TED (N=83)
Teprotumumab  IGF-1RmAb 4 Chronic TED (N=62)
Linsitinib Oral IGF-1R TKI 2b/3(LIDS)  Active TED (N=90: 30/30/30)
KI-T0 TSHR antagonist mAb 1 GD (N=18; 44% TED)
Batoclimab FcRn mAb 2 (POC/RCT) Active TED

Efgartigimod FcRn blocker 3 (ongoing)  Active TED (recruiting)
Tocilizumab IL-6R mAb 2 (RCT) Steroid-resist. TED (N=30)
Satralizumab Anti-IL-6 mAb 3 (ongoing)  Active & Inactive TED (recruiting)
Iscalimab Anti-CD40 mAb 2 GD (N=15; 2 TED)

LASNO1 1L-11 antagonist 1/2a TED & Pulm. Fibrosis

Key Outcomes

83% proptosis response;
68% diplopia
improvement

62% proptosis response;
meanA-2.41 mm

52% proptosis response
(150mg)

8/18 TED improvement;
proptosis { up to 6 mm

1gG~l, 75-80%; TRAb- 30-
60%; Muscle vol.J,

Results expected 2027

93.3% CAS response;
86.7% inactive disease

Trials ongoing

TRAb,66%; TED
improvementin 2/2

Trial ongoing

Limitations

Hearing impair.
(12.2% vs 0%
placebo),
hyperglycemia (8-
15%), relapse (37%),
cost

Hearing impair. (22%
vs 10% placebo),
hyperglycemia (15%),
limited long-term
data

Hyperglycemia risk,
lower efficacy vs
teprotumumab

Small sample, Phase 1

LDL-C elevation, early
termination

No efficacy data yet

Modest diplopia
effect, short follow-up

No efficacy data yet

Very small TED subset

Preclinical data only

Statistical
Significance

p<0.001
proptosis/diplopia/QoL

Proptosis A: p=0.0004,;
Response: p=0.0134;
QOL: p=0.0318;
Diplopia: NS

p<0.05 proptosis
(150mg)

Dose-dependent PD
(p<0.05)

Muscle vol p<0.03;
primary NS

N/A

CAS p=0.02

N/A

TRAb p<0.001

N/A

Table 1. Clinical Trials of Novel Targeted Therapeutics in TED. Summary of completed and ongoing clinical trials investigating
targeted therapies, including approved teprotumumab and emerging therapeutic agents. Monoclonal antibody (mAb); Tyrosine
Kinase Inhibitor (TKI); Interleukin (IL); Change (A); Pharmacodynamic (PD); Not Significant (NS); Proof-of-Concept (POC).

Table 1 Full Name—Abbreviation Table

Abbreviation | Full Name

APC Antigen-Presenting Cell

CAS Clinical Activity Score

FAP Fibroblast Activation Protein

FcRn Neonatal Fc Receptor

GO Graves’ Orbitopathy

HA Hyaluronan

IGF-1R Insulin-like Growth Factor-1 Receptor
RCT Randomized Controlled Trial

TED Thyroid Eye Disease

Tfh T Follicular Helper (cell)

TRADb Thyrotropin Receptor Antibodies
TSADb Thyroid-Stimulating Antibodies
TSHR Thyroid-Stimulating Hormone Receptor

Note: TSAb (stimulatory) is a subset of TRAb (includes
blocking/neutral antibodies).
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