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Abstract: Thyroid Eye Disease (TED) is a debilitating autoimmune condition characterized by sig-
nificant inflammation of orbital tissues, including the extraocular muscles and adipose tissues. The
pathological mechanisms underlying this inflammation involve a complex interplay of stress re-
sponses at the cellular and molecular level. This review aims to critically evaluate and synthesize
existing literature on the mechanisms of orbital inflammation in TED. We discuss the role of au-
toantibodies, cytokines, and reactive oxygen species (ROS) in the initiation and propagation of the
inflammatory process. Additionally, we explore how stress responses triggered by these elements
affect the integrity of orbital tissues and contribute to its remodeling. Our review underscores the
need for continued research in this field, which may pave the way for novel therapeutic strategies
for TED.
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1. Introduction

Thyroid eye disease (TED), also known as Graves’ ophthalmopathy (GO) or Graves’
orbitopathy (GO), is a rare autoimmune disease most associated with Graves’ disease (GD),
an autoimmune disorder of the thyroid gland resulting in the overproduction of thyroid
hormones (hyperthyroidism). Studies suggest that around 40% of patients with GD will
experience TED [1,2]. TED is a multifactorial disease characterized by an inflammation of
orbital tissues such as extraocular muscles, connective tissues, and adipose tissues, which
can be disfiguring and sight-threatening for those affected.

TED is a complex ophthalmological autoimmune disease. Disease severity ranges from
mild to severe to sight-threatening, affecting both clinical presentation and management [3].
Clinically, ophthalmic manifestations can range from dry eye and itching in the mild form,
to compressive optic neuropathy which can lead to irreversible vision loss in its most severe
form. Development of the disease is often characterized by proptosis, strabismus, impaired
visual function, and ocular surface inflammation [4].

The disease’s detrimental impact on patients” quality of life is well established [4-6].
Evidence has shown that TED patients experience a poorer quality of life than those with
other chronic conditions. Disfiguring proptosis, for instance, one of the main symptoms of
TED, can result in impaired self-perception and social isolation [4]. Evidence has shown
they also experience significant occupational disability [7]. Patients must not only cope
with the disease’s functional impairment but also with significant emotional distress, which
is higher than in other chronic autoimmune ophthalmic conditions [7,8].

TED is also a significant public health burden [7]. Given its impact on patients
wellbeing and its complexity, as well as recent therapeutic advances, we aim to provide an
overview of the disease, with a focus on current understanding of the role of cytokines and
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oxidative stress and their implication in the physiopathology of the disease. We also briefly
highlight potential therapeutic avenues and advances related to these topics.

2. Epidemiology, Risk Factors and Clinical Understanding of TED
2.1. Epidemiology

The onset of TED is mostly associated with Graves’ Disease, an auto-immune condition
in which antibodies target the thyrotropin receptors (TSHR) on the thyroid gland, causing
excessive thyroid hormones production and hyperthyroidism. More than 90% of TED
patients have in fact concomitant GD [9]. However, about 10% of patients are hypothyroid
or euthyroid [10,11] when developing TED.

It is estimated that 1 to 2% of the adult population is affected by GD [12]. While it was
reported that 40% of GD patients develop TED, its overall prevalence is likely between 25%
and 40% [1,10].

The disease usually presents in three phases: an initial phase, characterized by in-
flammation and swelling (lasting for an average of two years), is then followed by active
TED (inflammatory phase), which commonly progresses to stable and inactive TED, within
1-3 years [13,14]. Among patients living with TED, moderate-to-severe forms of the disease
account for 2% to 5-6% [10,15].

The disease’s incidence is estimated to be 16 cases/100,000 population-year for women
and 2.9 cases/100,000 population-year for men [16]. However, no recent cohort study has
followed to confirm TED's current incidence in North America. Recent European prospective
studies from Sweden and Denmark suggest a decreasing incidence trend [10,17,18]. Disease
incidence may potentially be slowed with improved understanding and management of
risk factors such as a decreasing smoking pattern, a well-established risk factor in TED [10].
Improved GD diagnosis and management and increased awareness might also explain this
association. The prevalence of TED seems to range between 90 and 300/100,000 population,
without much ethnic variation [10].

Age and sex are relevant factors in the occurrence and severity of TED. The disease’s
onset typically occurs between 30 and 50 years of age [19]. TED, like other auto-immune
diseases, more commonly affects women, with a ratio of women to men found to be
between 2.5 and 6:1 [10,20]. The disease tends to be more severe in male patients and
those first diagnosed after their fifth decade of life [21]. A recent multi-center cohort study
confirmed the influence of male sex on disease severity [22]. Despite some controversies on
this link, this correlation seems generally accepted [10].

2.2. Risk Factors

As a multifactorial disease, many factors have been associated with the development
and progression of TED: autoimmune, genetic, and environmental risk factors seem to
be involved.

The most significant environmental risk factor remains cigarette smoking [23]. Solid
evidence has established its association with severity and poorer treatment outcomes [24,25].
While smoking has been studied extensively, the potential effect of e-cigarettes as an
independent risk factor in TED’s development remains unsettled. In fact, an in vitro
study examining the effects of e-cigarettes and heated tobacco products on TED patients’
orbital fibroblasts reported inconclusive findings [26]. Other known risk factors include
radioiodine therapy, late diagnosis of GD, and prolonged dysthyroid state [5,27].

Oxidative stress, selenium deficiency, hypercholesterolemia, and amounts of TSH
receptor antibodies have also been linked to occurrence and progression of the disease [10].
Diabetes is also a potential risk factor [24]. Stress as an environmental risk factor has
also been associated with TED [28]. More recently, it has been shown that a disbalance in
gut flora may be a potential risk factor [29]. Novel documented risk factors may include
higher serum creatinine levels and lower platelet count [30]. Also, statins were found to be
associated with lower risk of TED among GD patients [14].
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Mitigation of modifiable risk factors, such as through smoking cessation counselling,
remains crucial in the therapeutic approach to TED. There may be value in increased
patient education regarding management of comorbidities such as Graves’ disease and
hypercholesterolemia, as well as increased awareness of risk factors.

The current knowledge of risk factors linked to TED is well researched in the lit-
erature [10,24]. However, to date, the literature pertaining to ethnicity’s impact on the
development of TED remains controversial; some studies have reported a sixfold risk for
Europeans compared to Asians, while a more recent study found a higher prevalence in
Asians [1]. There is a paucity of data examining ethnic influences on TED, such that the
precise impact in disease presentation remains unclear [10]. A meta-analysis and systematic
review by Chin et al., examined the prevalence of TED among GD patients with a focus
on ethnic and regional differences and reported the lowest prevalence in North America
(27%), whilst it found it to be highest in Oceania (58%), followed by Asia (44%) and Europe
(38%) [1]. However, further data are needed before determining whether ethnic and geo-
graphic factors play a role. Moreover, a gap in the literature relating to the prevalence of
TED in African and Indigenous populations is noted, which warrants further studies.

Sex-specific risk factors, however, had not been studied until a recent Korean nation-
wide population-based retrospective cohort study, which found a relationship between
younger age, hypercholesterolemia, and low BMI at the time of GD diagnosis for develop-
ment of TED in women, while risk factors of young age, low income, and heavy drinking
were identified in men [31]. As it is the only study assessing sex-related risk factors in
TED, more work is required to better grasp the implications of these findings and potential
causal links. Studies within other demographics should be conducted as well.

2.3. Signs and Symptoms

Typical presenting symptoms include redness, ocular discomfort, diplopia, visual
disturbances, tearing, and photophobia. Patients can also complain of a foreign-body
sensation in their eyes or non-specific dry eyes [24].

The most common signs are eyelids retraction (Dalrymple’s sign) accompanied by
upper eyelid lag on downgaze (von Graefe’s sign), as well as lid edema [14].

This disease is also the most common cause of unilateral or bilateral exophthalmos or
proptosis, which refers to the eyes” forward protrusion [14]. The involvement of proptosis
and eyelids retraction may produce in the patient a staring appearance (white sclera is
exposed above and below the limbus), referred to as thyroid stare. Moreover, eyelid and
periorbital edema may be present due to increased orbital pressure and venous conges-
tion [32,33].

Extraocular muscles involvement is common, with muscles usually affected in the
following order: inferior rectus, medial rectus, superior rectus, elevator, lateral rectus, and
oblique. Usually, a single muscle is involved [20,34,35].

TED has a heterogenous presentation among patients. These symptoms are not
exhaustive, and numerous factors influence its clinical presentation of the disease, such as
sex, age, and smoking [36]. Smoking usually increases the severity of TED symptoms [23].
In the elderly, disease can also more often present unilaterally or asymmetrically [36].

Moreover, potential ethnic differences exist in the clinical manifestations, with evidence
suggesting that Asian patients may show milder phenotypic features, with less proptosis
and extraocular muscle restriction and more frequent lower lid retraction [24,37]. It is to be
noted that the literature on clinical findings in the African and Indigenous communities
is nonexistent; studies should be conducted in this regard for a better understanding and
care of all ethnic groups. Due to its varying clinical presentation, a thorough differential
diagnosis is crucial. TED remains a challenging diagnosis as many orbital inflammatory
diseases can resemble its signs and symptoms [38].
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2.4. Complications

Complications arising from TED range from mild to severe. Exposure keratopathy can
occur due to proptosis as eyelids are unable to properly close, which causes dryness and
damages the cornea. This can lead to further complications, such as corneal ulcerations,
infections, scarring, and vision loss, which may require surgical interventions [14]. Other
complications, such as restrictive myopathies and strabismus, may occur with extraocular
muscles involvement and may require surgical treatment. Dysthyroid optic neuropathy,
though rare (occurring in about 4-10% of TED patients), is an ophthalmic emergency
and the most dreaded complication of TED; it is characterized by impairments to optic
nerve function which can cause irreversible vision loss [14,16]. Although a number of
etiologies have been suggested for its development in TED patients, it most commonly
occurs because of optic nerve compression, caused by enlarged extraocular muscles, along
with orbital fat expansion and interstitial edema [32,39]. Associated symptoms include
decreased visual acuity, dyschromatopsia, and constricted visual fields. Orbital decom-
pression surgery is often indicated, along with orbital radiation therapy, to reduce muscles’
inflammatory swelling. Surgical treatment may also be required if globe subluxation or
corneal decompensation occur [14].

2.5. Diagnostic Criteria

Diagnosis is clinical, based upon history, anamnesis, laboratory, and imaging tests, as
well as clinical findings following a complete ophthalmic assessment. Diagnosis is made
when two of three findings occur among ocular signs, immune-related thyroid dysfunction
and/or extraocular muscle enlargement evidenced through radiology [14]. To date, there
exists no single laboratory test that is pathognomonic for TED [5].

The use of imaging methods for diagnosis and management of TED should be briefly
underlined. Imaging studies can orient and confirm diagnosis and exclude other potential
causes such as cancers [5]. They are useful in identifying active inflammatory phase vs.
fibrotic end stage, assessment in follow-up after treatment is started, and can guide surgical
strategies like orbital decompression surgery [24]. Magnetic resonance imaging of the orbit
remains the gold-standard assessment method since it allows for identification of soft-tissue
and orbital fat expansion, as well as extraocular muscle enlargement [5,24].

As identification of mild forms remains a challenge, improved interprofessional edu-
cation as well as patient education is needed [40]. Improved detection and diagnosis are
crucial to improve prognosis and limit inflammation, which highlights the importance of
continued research in this area. To date, no specific biomarker exists to distinguish TED
from GD. This limits potential earlier diagnosis and highlights the importance of continued
research in this area.

2.6. Clinical Evaluation

The clinical evaluation of TED focuses upon determination of clinical activity and
severity by assessing visual acuity, pupils, color vision, extraocular movements, visual
field, exophthalmometry, external eyelid evaluation, slit-lamp examination, and dilated
fundus examination [5].

A few classification guidelines are available to the clinician to evaluate activity and the
severity of the disease, which guide therapeutic management. The Clinical Activity Score
(CAS) is a useful tool to assess patients for TED activity. This 7-point scale attempts to
characterize the inflammation process (active or inactive) in the disease by listing signs and
symptoms associated with inflammation. A point is allocated for each of these findings:
ocular pain, pain on eye movement, eyelid swelling, conjunctival redness, eyelid edema,
chemosis (scleral edema) or caruncle swelling. An inactive form of TED is considered
when a score of lower than 3 is found, while a score of 3 or greater defines active TED (see
Table 1) [41].
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Table 1. Clinical Activity Score (CAS) amended by EUGOGO after Mourits et al. [3].

Only parameters 1-7 are scored for initial CAS

Spontaneous orbital pain

Gaze-evoked orbital pain

Eyelid swelling that is considered to be due to active TED

Eyelid erythema

Conjunctival redness that is considered to be due to active TED

Chemosis

N || U [ | W N =

Inflammation of caruncle or plica

For following assessments,
parameters 1 to 10 can be included

Increase of >2 mm in proptosis

9

Decrease in uniocular ocular excursion in any one direction of >8°

10

Decrease in acuity equivalent to 1 Snellen line

Orne point is given for each parameter. Clinical activity is defined by total points sum; a score of min. 3/7 at first
examination and over 4/10 in successive examinations leads to finding of active TED.

The NO SPECS classification can be used for evaluation of disease severity, usually
classified as mild, moderate-to-severe, or sight-threatening (see Table 2). Meanwhile, to
assess for both activity and severity of the disease, the VISA (vision, inflammation, strabis-
mus, and appearance), as well as the EUGOGO (European Group on Graves’ Orbitopathy),
guidelines are commonly used [42].

Table 2. NO SPECS modified classification [43].

Class

Grade Suggestions for Grading

0

No physical signs or symptoms

I

Only signs

IT

0N T o o

Soft tissue involvement
Absent
Minimal
Moderate
Marked

1

0T o o

Proptosis
Absent
3—4 mm over upper normal
5-7 mm increase
8 mm increase

v

0N oo o

Extraocular muscle involvement
Absent
Limitation of motion at extreme gaze
Evident restriction of motion
Fixation of a globe or globes

n oo o

Corneal involvement
Absent
Stippling of cornea
Ulceration
Clouding, necrosis, and perforation

VI

n T o o

Sight loss (due to optic nerve involvement)
Absent
Disc pallor or choking or visual field defect, vision 20/20-20/60
Disc pallor or choking, or visual field defect, vision 20/70-20/200
Blindness, vision less than 20/200

Itis important to stress that if a patient shows any significant signs of TED or complains
of ocular pain, the indicated course of action is prompt referral to an ophthalmologist.



Stresses 2024, 4

59

2.7. Treatment

Treatment varies with the level of activity and severity of the disease [24]. Man-
agement is supportive, medical, and surgical, with general treatment principles focused
on restoration of a stable thyroid function, on limitation of inflammation, and smoking
cessation [14].

Mild cases are usually managed with selenium supplementation and monitoring.
First-line treatment for the active form of the disease is corticosteroid therapy, usually
followed by other immunosuppressive agents in cases of non-responsiveness. Current
evidence also supports the use of Teprotumumab for the medical management of the active
moderate-to-severe form of TED [44]. Surgical correction is envisioned for more severe or
sight-threatening cases [24]. A comprehensible treatment algorithm can be found in Table 3.

Table 3. Treatment algorithm for TED [42].

1. Restore Euthyroid State

For All Patients 2. Urge Smoking Cessation
Severity Active Inactive
Artificial tears Artificial tears
Mild Sunglasses Prismatic glasses
Elevating head of bed Surgical Miillerectomy
Prismatic glasses Blepharoplasty
Intravenous methylprednisolone
In steroid-resistant patients:
cyclosporin A + oral steroid, Orbital decompression
Moderate-severe immunosuppressive therapies, Strabismus surgery
anti-cytokine/lymphocyte agents  Palpebral surgery
If motility dysfunction is
pronounced: orbital radiotherapy
Intravenous methylprednisolone:
Threat to vision 1 gr for 3 days Urgent
Optic neuropathy surgical decompression
If non-responsive:
orbital decompression +/—
intravenous steroid
+/— radiotherapy Lateral tarsorrhaphy, orbital
decompression, amniotic
Severe Intravenous steroid, lubrication, membrane transplant,
corneal involvement tarsorrhaphy, keratoplasty

orbital decompression

EUGOGO'’s clinical practice guideline for the medical management of TED is the most
recent updated consensus statement pertaining to clinical management [45].

3. Pathophysiology of TED
3.1. Overview of Pathophysiological Changes in TED and Its Implication

TED is a multifactorial autoimmune disease, and its pathophysiology is not yet fully
understood, despite significant research in the field.

Summarily, an autoimmune process is involved which targets the ocular tissue. Acti-
vation and binding of autoantibodies to the thyrotropin receptors (TSHR) expressed on the
surface of orbital fibroblasts is found to be the main event that initiates an inflammatory
cascade [46]. It is now well-established that concentration of TSHR antibodies positively
correlates with the clinical activity and severity of the disease [47,48]. In fact, orbital fi-
broblasts, which are the main components of the ocular fibrous tissue, have been found to
overexpress these receptors in TED patients [47].
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The underlying immune process involves an infiltration of activated B and T cells,
with a release of inflammatory cytokines and chemokines including interferon gamma
(IFN-y), tumor necrosis factor alpha (TNF-«), interleukin-13 (IL-1), interleukin-2 (IL-2),
interleukin-6 (IL-6), and leukoregulin [24]. This leads to inflammation and promotes orbital
fibroblasts’ proliferation, adipogenesis, and production of glycosaminoglycans (GAG) (see
Figure 1 and Section 4 for a discussion on cytokines) [49].

COM-resident fbroblasts A *
coos el

IL-18 CD40
IL-6 TNF-a R\ e
IL-8  INFy

IL-12 RANTES
IL-16 TGF-B .
IL-17 Leukoregulin

Adipocytes

& s

&
o
y Myofibroblasts
o

Manifested by

Expansion of orbital

Expansion of orbital
tissue volume

"~ tyrotropin %
\Y’ retepior Zea,
Edema

B cell u 3
% Z.-\\\ 2 Hyal ronan and
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molecules
TSHRab
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Thyroglobulin extracellular matrix

T cell Thyrotropin receptor

Figure 1. The pathogenesis of thyroid eye disease (BioRender, https:/app.biorender.com/, accessed
on 5 September 2023).

Recent research suggests that onset of orbital inflammation may be characterized by
early infiltration of macrophage cells in the orbital region, which induce TSHR antibodies,
followed by a subsequent infiltration of CD8+-specific T-cells and increase in brown adipose
tissue. A study by Philipp et al., examined cellular and immunological parameters in the
process of orbital inflammation to understand the kinetics of the disease using a mouse
model of TED [50].

B cells, T cells, and CD34+ fibrocytes infiltrate the orbit. Fibrocytes originating from
the bone marrow differentiate into CD34+ fibroblasts. These fibroblasts have the ability
to differentiate into either adipocytes or myofibroblasts. CD34+ fibroblasts and CD34-
residential fibroblasts cohabit within the orbit. Cytokines are then secreted by all these
different cells. The molecules produced include interleukin 185, 6, 8, 12, 16, and 17, as well
as tumor necrosis factor a (TNF-«), interferon < (IFN- ), RANTES (regulated on activation,
normal T-cell expressed and secreted), TGF-B, CD40, and Leukoregulin. These molecules
activate orbital fibroblasts (CD34+) which in turn start expressing thyroglobulin and thy-
rotropin receptors. Thyroid-stimulating antibodies activate the receptor complex made up
of both the insulin-like growth factor 1 receptor and the thyrotropin receptor, resulting in
the expression of inflammatory molecules and glycosaminoglycans (GAGs). In addition,
antibodies targeting the IGF-1R induce hyaluronan secretion by orbital fibroblast, resulting
in the expansion of orbital tissue. Adipogenesis occurs with promotion of differentiation of
orbital fibroblasts into adipocytes, causing orbital fat tissue expansion. Reactive oxygen
species (ROS) are also involved, affecting immunocompetent cells, as well as adipocytes
and myofibroblasts, and promoting inflammation and cell damage.

This immune cascade activates orbital fibroblasts, which then proliferate, and induces
their local production of glycosaminoglycans (GAG), including hyaluronan (HA), a compo-
nent of the extra-cellular matrix [51]. Spilling of HA in the interstitial space leads to tissue
edema: HA is very hydrophilic, which leads to increased osmotic pressure, and venous
and lymphatic circulations may be compromised [24]. Consequent swelling of connective
tissue and extraocular muscles results from GAG accumulation and overproduction and
increases the intraocular pressure [52]. Fibrosis, in the long-run, explains the restrictive
myopathy found in the disease.
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Moreover, activated orbital fibroblasts can also differentiate into adipocytes [53]. The
fibrocyte, a precursor cell of the fibroblast found within the bone marrow, seems to have
a role in the pathogenesis of TED [19]. The activation of the immune cascade described
previously has been found to activate CD34+ fibrocytes, which can differentiate into
myofibrocytes and adipocytes [24]. Since fibrocytes over-express TSHR, a potential role for
TSHR antibody in its stimulation is proposed [19].

Anatomically, these processes cause an increased intra-orbital pressure and fibrosis.
Clinically, this leads to forward protrusion of the eyeballs along with eyelid retraction,
which is objectified as exophthalmos [24]. In the long course, inflammation is damaging
to nearby tissue, and remodeling and fibrosis of muscles accounts for diplopia and re-
strictive strabismus [5,24]. Briefly, inflammation, expansion, and remodeling of the orbital
compartment explain disease manifestations.

3.2. Role of IGF-1R and Potential IGF-1R Autoantibody

Insulin-like growth factor 1 (IGF-1) is a protein that regulates and stimulates cell
growth. It is mainly secreted by the liver under stimulation by the growth hormone
(GH). IGF-1 has a role in immune function and can influence the development of diseases
like cancers.

IGF-1 receptors (IGF-1R) are tyrosine kinase proteins; they are present on the surface
of cell membranes and can bind both IGF-1 and IGF-2, as well as insulin, though they
display highest affinity towards IGF-1 [54]. Both B-cells (involved in humoral immunity)
and T-cells (involved in cellular immunity) express IGF-1 receptors on their surface, such
that they can produce and respond to IGF-1; because of this, researchers believe there may
be a possible immune loop involving both autocrine and paracrine signaling [55].

Though first hypothesized by Weightman et al., that specific IGF-1R autoantibodies
may come into play in the pathogenesis of TED, the current literature remains inconclu-
sive on the matter, with some works confirming and others denying presence of these
antibodies or an implication [24,56,57]. The existence of specific antibodies against IGF-1R
has been hypothesized, with a potential implication in the pathogenesis of the disease.
However, research pertaining to its existence is contradictory as of now. Minich et al,,
and Krieger et al.’s works did not detect specific IGF-1R antibodies [56,58,59]. A possible
reason for such differences may be explained by variance in experimental designs and
conditions, as compared to the original work of Pritchard et al. [60]. As such, a potential
role remains unclear, with controversial hypotheses on the matter. Minich et al., have sug-
gested they may act as IGF-1 antagonists by inhibition of the IGF-1-induced signaling and
reducing cell growth. For them, they did not stimulate autophosphorylation of IGF-1R [56].
Varewijck et al., for their part, detected an IGF-1R stimulating antibody activity [61].

It is now suggested that the IGF-1 receptor might be involved in crosstalk with the
TSH receptor, participating in the inflammatory pathway. Its exact implication remains
unknown; thus, more research is required to elucidate this [59,62]. Studies have shown that
the IGF-1 and thyroid-stimulating hormone (TSH) pathways influence one another [63].
Ingbar et al., in their in vitro study, found increased TSH and thyroid-stimulating im-
munoglobulin (TSI) activity in cultured cells inducted by IGF-1 and insulin [64]. Tsui et al.,
found that the use of an antibody against IGF-1R was able to reduce the signaling of TSHR,
confirming an association or interplay between these two pathways. IGF-1 receptors and
TSH receptors were found to interact both physically and functionally in human orbital
fibroblasts and thyroid epithelium. When looking at patients with TED, Tsui et al., found
the presence of both receptors on orbital fibroblasts and human thyroid epithelial cells, as
well as orbital fat [65].

Weightman et al., were the first to state the possible influence of IGF-1R in TED
using orbital fibroblasts from tissues explanted from extraocular muscle. Their study
demonstrated that IgGs from patients with GD, with or without TED, interacted with and
altered orbital fibroblasts’ IGF-1 binding sites, while normal patients’ IgGs did not [57].
Furthermore, B-cells and T-cells were found to overexpress IGF-1R in patients with GD [60,
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66]. Pritchard et al., then found that IGF-1R was the main binding site for IGF-1 on orbital
fibroblasts and that GD-IgGs were also able to show a high affinity for the same binding
site. GD-IgGs binding to the IGF-1R resulted in the same effects caused by IGF-1, thus
providing a possible analogous property of GD-IgGs [67]. They also found that signaling
from IgGs of GD patients led to an important expression of IL-16 and RANTES-two T-cell
chemoattractants, a process that did not occur in healthy individuals [60]. It was also
found that binding of IgGs to IGF-1 receptors could induce the production of hyaluronan
(HA) in TED orbital fibroblasts, a finding that was not seen with healthy subjects’ orbital
fibroblasts [68]. When working in synergy, IGF-1R and TSHR were found to produce
hyaluronan and cytokines, leading to inflammation and expansion of muscle and adipose
tissues, as seen in TED [69].

Among the various cell types involved in TED, fibrocytes and orbital fibroblasts
have been found to overexpress IGF-1 receptors, especially in orbital fat and extraocular
muscles [70]. In vitro, the IGF-1 receptor antibody Teprotumumab diminished IGF-1 and
TSH activity in both fibrocytes and orbital fibroblasts, resulting in much smaller amounts
of proinflammatory cytokines [63]. Its use also reduced level of diplopia and proptosis in
patients with GD [55].

The presence of IGF-1R autoantibodies in TED patients appears to be inconsistent and
is further complicated by potential limitations in experimental techniques used to identify
them. Minich et al.’s work, for instance, has shown prevalence of these autoantibodies of
only 14% when testing in a serum bank of GD patients, which were also detected in 11% of
controls’ sera [56]. Many limitations were acknowledged, namely the inability to identify
lower antibody concentrations with the experimental design used in the study.

Currently, Lanzolla et al., propose a potential protective role in the disease, finding
an increased concentration of these antibodies in patients with GD without TED when
compared to patients with TED [71]. This seems plausible in light of Minich’s work
suggesting a potential inhibitory effect on the IGF-1 pathway; it may suggest a role in
limiting growth and proliferation of orbital fibroblasts. In light of the potential crosstalk
involved between IGF-1R and TSH-R, a potential role in inhibiting indirectly the TSHR
pathway can be envisioned, leading to reduced inflammation. The literature has also shown
that an IGF-1R-blocking antibody is involved in halting GD-IgG, immunoglobulins that
play a role in the cascade involving cytokines production, and hyaluronan production.

Continued research to better understand the role and interaction of these antibodies
within the inflammatory process that takes place in TED is needed, notably to determine
whether a potential inhibitory effect exists, how it might interact with the IGF-1R and
TSHR crosstalk, and whether it acts on orbital adipose tissue, since these have not yet
been explored. Also, as many binding proteins to IGF, as well as subtypes of IGF, exist,
future work should aim to distinguish them to elucidate potential implications [72]. As
TED is known to clinically correlate with the concentration of TSHR antibodies, it would
be interesting to see if such findings could potentially exist for IGF-1R antibodies within
subsets of patients that express it [71].

3.3. Implications: Understanding Mechanisms of Orbital Inflammation Can Guide Development
of Novel Therapies

Increased understanding of TED’s physiopathology at the molecular and cellular level
has encouraged a growing body of therapeutic research [9].

The well-known role of TSHR in the physiopathological mechanism of TED has
led to continued therapeutic research. TSHR-targeted treatments are well explained in
Neumann's et al.’s work [63]. Although multiple blocking agents have been described in
the literature, a new TSHR antagonist named SYD5115 has received increased attention for
its ability to stop thyroxine from stimulating antibody synthesis [64]. Taylor et al.’s work
also provides a good review of mechanistic insights from clinical trials conducted between
2017 and 2020, which are pertinent for the development of future therapies [11].
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Neumann et al., have proposed a model of TSHR/IGF-1R crosstalk in which simultane-
ous signaling occurs to activate the disease’s signaling cascade, leading to HA production,
suggesting that development of therapies targeting both receptors may reduce therapeutic
dose and/or compensate for potential efficacy loss of IGF-1R antagonists [62].

More recently, Philipps et al.’s research evaluated the chronology of orbital inflamma-
tion in TED in murine TED models and found a potential early-onset role of macrophages
in the inflammation process, which were found to stimulate TSHR antibodies [50]. Further
studies are needed to confirm their findings, but potential therapeutic implications of
targeting macrophages in early orbital inflammation stage could be envisioned.

The key role of IGF-1R in the pathological mechanisms of TED led to the development
and commercialization of Teprotumumab, but research on its long-term effects remains
to be conducted. However, Linsitinib, an inhibitor of both IGF-1R and insulin receptor
(IR), was studied by Gulbins et al., through administration to murine models with active
and inactive TED. They found Linsitinib to be efficient in slowing disease progression by
slowing morphological changes and reducing T-cell infiltration, while in the disease’s late
stage, it was rather the orbit that was saved by the drug [73].

4. A Molecular Perspective on TED’s Pathophysiology
4.1. Cytokines and Chemokines: Role in the Inflammation Process and Current Research

Cytokines are proteins that are produced and secreted by various cells, both immune
(macrophages, B cells, T cells, monocytes, NK cells) and non immune (such as fibroblasts
and endothelial cells). By interacting with the cells, these molecules influence cell-to-cell
communication [74]. Cells can affect changes on themselves when they secrete cytokines
that in turn bind to their own cell surface receptors (autocrine). Cytokines can also mediate
communication to a surrounding cell (paracrine) or produce effects on a distant cell after
traveling in the bloodstream (endocrine); they can act on cell proliferation, differentiation,
or activation [75].

Initially, in TED, T-cells invade the soft tissues in the orbit and produce cytokines,
which activate orbital fibroblasts. Specifically, Thl cells have been found to be the pre-
dominant T-cells involved at this stage: they release various cytokines such as IL-2, TNF-«,
IFN-v, and IL-1p, that act by inducing inflammation but also increasing the production
of glycosaminoglycans (GAG). Later on in the disease process, Th2 cells take over, re-
leasing their own set of cytokines which have been found to induce orbital fibroblasts’
differentiation into either adipocytes or myofibroblasts [76].

It is clear that pro-inflammatory cytokines play a crucial role in the inflammatory and
autoimmune process; IL-18, IL-6, IL-8, IL-18, IL-38, IFN-v, and TNF-« are the main ones
involved. When overexpression of these cytokines occurs during a prolonged period of
time, chronic inflammation happens. Evidence of a link between chronic inflammation and
autoimmune disorders is well-established [77,78]. Moreover, a different set of cytokines
seem to be involved in auto-immune vs. non-autoimmune disorders: for instance, in
auto-immune hyperthyroidism (Graves’ disease), it is mainly IL-18 and IL-6 that have been
found to be elevated, while in non-autoimmune hyperthyroidism, IL-8, TNF-«, and IL-6
were most involved [79,80].

4.1.1. Interleukins

Interleukins are cytokines that regulate cell development and regulate immune re-
sponse. Many interleukins are involved in the pathogenesis and inflammatory response
present in TED, among which there is IL-18, IL-6, IL-8, IL-18, and IL-38.

IL-6 promotes the differentiation of naive T cells into Th17 cells when regulated by
IL-23 and TGF-f. Some studies have shown increased levels of IL-6 in patients with GD and
even higher ones in patients with TED [81]. Some suggest that this may be explained by TSH
and TSI stimulation of orbital fibroblasts and fibrocytes [82]. Paik et al., found that palmitate,
an abundant free fatty acid present in plasma, can promote inflammation by inducing the
secretion of proinflammatory cytokines, noting that palmitate induced the secretion of IL-6
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by orbital fibroblasts in patients affected by TED [83]. Tocilizumab, a monoclonal antibody
that binds to IL-6 receptors and attacks them, has been found to neutralize and reduce IL-6
activity, proving itself as a promising candidate to treat autoimmune disorders such as GD.
Indeed, a study conducted by Pérez-Moreiras et al., treated 18 patients with corticosteroid-
resistant TED, of which 13 patients saw their proptosis diminish [84]. Furthermore, Sanchez-
Bilbao et al., treated glucocorticoid-resistant TED patients with the molecule and they found
a decrease in disease activity [85].

Both IL-1a and IL-1p are proinflammatory cytokines and bind to the same receptor;
IL-1R [86]. A comparison of orbital fibroblasts from TED patients and controls showed an
important difference in how the IL-1Ra gene was expressed and regulated; the concentration
of IL-1Ra was significantly lower in TED patients [87]. Li and Smith were the first ones
to demonstrate a clear link between the TSH and IL-1 pathways. Their study found that
when stimulated by TSH, fibrocytes and orbital fibroblasts of patients with GD produced
IL-1Ra [88]. Because of the lower concentration of IL-1Ra in the orbital fibroblasts of TED
patients compared to their fibrocytes, the orbital fibroblasts reacted more significantly
to IL-1B than the fibrocytes did [89]. A study conducted by Boutet et al., showed that
IL-38, a known antagonist of IL-1Ra, could only have an anti-inflammatory effect at high
concentrations [90]. This anti-inflammatory property was also shown in vitro [91]. Levels
of IL-38 seem to be diminished in the bloodstream of TED patients, as well as in their
orbital connective tissues, while Pan et al., observed that inflammation in TED patients’
orbital fibroblasts was halted by an increase in IL-38, leading researchers to believe that
IL-38 could be a target for future therapies [92].

IL-8 plays an important role in the migration of both neutrophils and T lymphocytes.
It also helps immune cells adhere to the endothelial surface. This proinflammatory cytokine
has been found to be involved in the pathogenesis of TED [93]. Both IL-1 and TNF can
induce its production. Weetman et al., found that IFN-vy, TNF-a, and IL-1a all induced
thyroid follicular cells to secrete IL-8 [94]. Gu et al., found higher IL-8 levels in TED patients
compared to controls. They believe IL-8 impacts the disease development by influencing
both immune and gene regulation. A downside of this study was that it only focused on
GD in a Chinese population. Therefore, further studies are needed to confirm if this IL-8
polymorphism seen within the Chinese population is present in other ethnicities [93].

Responsible for chemokine and cytokine release and involved in both innate and
adaptative immune responses, IL-18 is known for its proinflammatory characteristics.
While not many studies focus on the role of IL-18 in TED specifically, researchers are led
to believe it is involved in the development of the disease. Mysliwiec et al., found higher
levels of IL-18 in TED patients compared to healthy individuals, while those levels were
significantly lowered by a corticosteroid treatment [95]. Furthermore, IL-18 was found
to be elevated in TED patients’ tears [96]. A study conducted by Zhang et al., also found
elevated seric concentrations of IL-27 and IL-35 and decreased concentrations of seric IL-12
in patients with TED, which they believe could be used as biomarkers for the disease [97].

A variety of interleukins have been linked to the pathogenesis of TED, hence the
importance of continued research on the matter for an even better understanding of their
individual involvement.

4.1.2. Tumor Necrosis Factors (TNF)

TNF-« is an inflammatory cytokine found in both acute and chronic inflammation. Its
presence and influence in autoimmune diseases has been noted in many studies [98]. An
overexpression of this cytokine’s mRNA has been found in the orbital connective tissues
of patients affected by TED [99]. TNF-« acts in many ways to stimulate inflammation
resulting in the remodeling of the surrounding tissues. For instance, orbital fibroblasts
have been seen to express ICAM-1 at their surface when stimulated by the cytokine,
leading to an increase in inflammatory cells [100]. This cytokine also appears to induce the
expansion of surrounding tissue since orbital fibroblasts have been shown to produce more
glycosaminoglycans (GAG) when stimulated by TNF-a [101].
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Targeting TNF-a has been one of the treatment avenues at the moment. Indeed, in a
study conducted by Ayabe et al., the monoclonal antibody Adalimumab, able to bind to
TNF-« receptors, was proven effective in reducing periorbital inflammation [102]. Another
anti-TNF-a antibody, named Infliximab, was proven to be effective against steroid and
surgical-resistant TED. Indeed, a patient with severe TED was successfully treated using
this drug [103]. Additionally, a decrease in inflammation and an improvement in visual
acuity was reported following one dose of the treatment [104]. Even though its efficacy in
improving patients’ symptoms has been reported, TNF-« inhibitors still need to undergo
randomized trials in the future and studies with bigger cohorts are still needed.

4.1.3. Interferons

For IFN-v specifically, studies have proved its implication in autoimmune diseases.
Using multiomic data on a murine model, Bae et al., showed that a low but chronic expres-
sion of IFN- altered cecal microbiota, showing that this cytokine may be involved in the
pathogenesis of autoimmune diseases [77]. Furthermore, a pre-clinical study showed that
mice with a chronic expression of IFN-vy developed an IFN-y-induced autoimmune dis-
ease [105]. Recent work has determined its presence in the early phase of the inflammatory
process of TED, along with TNF-a [50].

All in all, many studies have shown how molecules such as IFN-v could induce the
secretion of proinflammatory cytokines, among which CXCL10 has particularly been noted
because of its expression by fibroblasts and preadipocytes in TED patients and not in
healthy controls, thus highlighting its invovement in the pathogenesis of TED.

4.1.4. Chemokines

Chemokines are small signaling proteins secreted by cells that are implicated in chemo-
taxis. They activate other cells and stimulate leucocyte migration toward an inflammatory
site. Chemokines link to transmembrane receptors coupled with G-proteins on the surface
of the targeted cells. Four subtypes of chemokines exist: C, CC, CXC, and CX3C. The pre-
dominant chemokines in the pathogenesis of the active phase of TED are Th1-chemokines
such as CXCL9, CXCL10, and CXCL11, as well as a receptor called CXCR3, In the stable
phase, Th2 becomes more prevalent than Th1 in the immune response, causing a switch
from a cell-mediated response to a humoral response [106]. When bound to the CXCR3
receptor, Thl-chemokines attract Th1 lymphocytes, resulting in increased production of
cytokines and thus creating a feedback loop [107]. As mentioned previously, the active
phase is dominated by a Thl response, which helps promote cell-mediated immunity,
thus resulting in secretion of IFN-y, TNF-x, IL-18, and IL-2. All these molecules stimulate
fibroblasts and GAG production such as hyaluronan (HA). Fibroblasts are then stimulated
by IFN-v to produce Thl chemokines. IFN-v also causes lymphocytes to migrate to the
needed region [108]. Not only does IFN-v stimulate GAG synthesis but so does IL-15 [109].
This cytokine will also stimulate orbital fibroblasts to produce CCL2, CCL5, IL-6, IL-16,
and IL-8 [110]. All this inflammation influences a switch in prevalence from Th1 to Th2
lymphocytes, leading to a secretion of various cytokines such as IL-13, IL-10, IL-5, and
IL-4. Fibrosis and tissue remodeling, which is the mainstay of the inactive phase of TED,
occurs with the release of these molecules and with the concurrence of IgGs secreted by
Th2 lymphocytes [76].

It has been suggested that fibroblasts and preadipocytes could be involved in the
pathogenesis of TED through chemokines’ induction. A study by Antonelli et al., showed
higher levels of CXCL10 in patients with active TED. When stimulated by IFN-v alone and
by IFN-v with TNF-«, retrobulbar fibroblasts and retrobulbar preadipocytes were induced
to secrete CXCL10, with an even higher concentration when IFN-v and TNF-a were com-
bined. This activity was absent when these same thyroid follicular cells from TED patients
were grown in basal conditions. This shows how cytokines induced thyrocytes to produce
Th1 chemokine and thus involved thyrocytes in the development of inflammation [111].
Antonelli et al., also researched extraocular muscle cells’ reaction to cytokine stimulation.
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They noted that once again, when stimulated by IFN-y alone and by a combination of
IEN-vy and TNF-#, extraocular muscle cells from TED patients released CXCL10, while
primary cells did not [112]. Furthermore, Methimazole, a drug given for treatment of
hyperthyroidism, was shown to have an immuno-modulatory effect as it decreased serum
concentration of CXCL10. Thyroidectomy or radioactive iodine also was found to decrease
levels of CXCL10, proving once again that the thyroid gland’s cells are involved in secretion
of this chemokine [111].

5. Oxidative Stress and TED’s Pathophysiology
5.1. Overview of Oxidative Stress

Oxidative stress occurs when there is an imbalance between the generation of reactive
oxygen species (ROS) and cells’ ability to effectively counter them [113]. Since cells engage
in oxidative respiration to generate energy, they reduce molecular oxygen to water and cre-
ate as byproducts reactive oxygen species. ROS are highly reactive molecules: structurally,
they have unpaired electrons, which render them unstable [114]. Different forms of ROS
exist, such as hydrogen peroxide (H,O,), hydroxyl radicals (OH), and superoxide anions
(Og-). They cause cellular and tissue damage by altering the cell’s structural integrity and
interacting with membranes and intracellular components (lipids, proteins, and DNA),
while also having the ability to mediate a variety of cell-death responses [114,115].

Under physiological conditions, cells counter the deleterious effects of ROS through
an antioxidant defensive system. This system is composed mainly of enzymes (notably,
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx)), vitamins (vitamin
A, C, E), and minerals (see Table 4). As such, the disruption between pro-oxidant and anti-
oxidant systems leads to oxidative stress and cellular damage [114]. Inflammation also leads
to production of these free radicals and so do many environmental stressors such as UV,
ionizing radiation, pollutants, and heavy metals [116].

Table 4. Summary of effects of ROS and antioxidant mechanisms in the eye.

Effects of ROS at cellular level [117]

° Lipids: Lipid peroxidation within the plasma membrane

e  DNA: DNA fragmentation

e  Proteins: Protein cross-linking and fragmentation

° Cellular level: Apoptosis of cell, necrosis, and autophagy response

Antioxidant mechanisms in the eye include [117,118]

1. Vitamin A, C, E, beta-carotene
2. Enzymatic system:

(a) Mitochondria: Superoxide dismutase, glutathione peroxidase

(b) Peroxisome: Catalase

(c) Cytosol: Superoxide dismutase, glutathione peroxidase, ferritin, ceruloplasmin
3. Minerals: Selenium, copper, zinc

Table inspired from: Oxidative Stress in Ophthalmology, EyeWiki page: https://eyewiki.aao.org/Oxidative_
Stress_in_Ophthalmology (accessed on 2 October 2023).

5.2. Current Role of Oxidative Stress in TED

Increased oxidative stress occurs in Graves’ disease (GD), but also in TED, and a role
for oxidative stress in the pathogenesis of TED is accepted in the literature [119-121]. A
summary of main studies which have examined the role of oxidative damage in TED is
presented at the end of this section (see Table 5).

An association between hyperthyroidism and overproduction of ROS is recognized
in the literature [114,122]. However, since most TED patients have concomitant hyper-
thyroidism as they suffer from Graves’ disease, it was important to determine whether
TED could independently impact the production of ROS. Bednarek et al.’s study aimed
to determine levels of oxidative stress parameters in hyperthyroid but also in euthyroid
patients with TED [123]. They found increased oxidative stress parameters in the serum
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of hyperthyroid patients, as could be expected from previous findings, but more impor-
tantly, increased oxidative stress also occurred in euthyroid patients with active TED. These
oxidative damage markers were stabilized only in non-TED patients. This study implied
that TED could be an independent factor leading to overproduction of ROS. It was posited
that TED’s implication in oxidative stress generation was likely achieved through orbital
inflammation [122,124]. Further research confirms the association of inflammation, TED,
and oxidative stress, with levels of oxidative stress being increased in TED patients when
compared to GD patients without TED [121].

Oxidative stress seems to play a role in the proliferation of orbital fibroblasts. In fact, it
has been found that when orbital fibroblasts derived from TED patients are stimulated with
a super-oxide anion (O, —, which is a ROS), they proliferate in a dose-dependent manner, a
finding that does not occur in control orbital fibroblasts [125]. Later studies have confirmed
these findings, showing that oxidative stress could enhance the proliferation of orbital
fibroblasts [113]. Reversal of this effect was also possible with antioxidants or free-radical
scavenging molecules like methimazole [125]. To explain orbital fibroblasts” heightened
response to ROS and their induced proliferation, it has been proposed that hypersensitivity
of TED orbital fibroblasts to oxidative stress may be involved in the pathogenesis of the
disease [126]. Further studies are needed to better understand whether such a mechanism
is in play. Elucidating potential signaling pathways involving ROS may allow to halt
oxidative stress-mediated orbital fibroblast proliferation.

Though it emerges from the current literature that ROS can trigger orbital fibroblast
proliferation in TED patients, the pathways through which this occurs remain to be clar-
ified. It most likely involves a complex interaction among ROS and pro-inflammatory
cytokines [127]. To that effect, Tsai et al.’s work has shown that ROS are able to induce the
expression of the proinflammatory cytokine IL-18 in TED orbital fibroblasts [113]. IL-18 is
known to stimulate glycosaminoglycans (GAG) and hyaluronan production [128]. As such,
an indirect contributory role for ROS in the production of these connective tissue compo-
nents seems to emerge from the literature. Further research examining how ROS impact
cells” proliferation and whether they impact GAG production directly is needed. Assessing
and comparing whether a proliferative response occurs in other types of fibroblasts, such
as retro-orbital fibroblasts, would also be pertinent.

Previous work by Lu et al., had also shown that IL-18 increases production of ROS
in retro-ocular fibroblasts in a dose-dependent manner [128]. This confirms an interaction
between IL-18 and ROS in the disease pathway and points to a potential synergistic effect
with cross-activation and amplification, which potentially adds to the understanding of
how sustained inflammation can occur in TED. IL-18, released by activated macrophages in
the orbital space, is an important mediator of inflammation [121]. Research comparing the
effects of ROS and IL-1f has not differentiated between active and inactive TED patients,
and future work in that area should be conducted to further understand these implications.

ROS such as HyO, can also induce the expression of TGF-£1, which is a potent fibro-
genic cytokine involved in tissue fibrosis that occurs in TED [113]. The precise mechanisms
involving their interaction remain to be elucidated. It may be suggested that the inflamma-
tion and auto-immune process in TED leads to increased ROS and oxidative stress, along
with depletion of antioxidant systems, which in turn exacerbate inflammation and lead
to increases in numerous proinflammatory cytokines, including TGF-p1. Indirect effects
through induction of IL-18 by ROS and its interaction with TGF-1 may also be involved.
Oxidative stress pathways and interactions remain, however, to be fully understood [119].

Targeting ROS through novel antioxidant therapies may contribute to reducing the
disease’s progression by limiting inflammation, along with orbital fibroblasts” proliferation,
IL-1B-induced GAG production, and fibrosis, by limiting its effect on TGF-$1 [125,128,129].
Research examining natural compounds’ effects on ROS and inflammation in TED has been
led by looking into their anti-inflammatory and antioxidant properties [127,130]. Notably,
selenium has been shown to have suppressing actions against the generation of ROS, while
also being able to inhibit fibroblasts proliferation, hyaluronan production, and the release
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of proinflammatory cytokines [131,132]. Selenium-based therapy is recommended in the
treatment of mild TED after its proven effect in reducing symptoms and slowing down of
the disease course in a dedicated clinical trial [133,134]. Reduction in ROS was also possible
with resveratrol, a natural compound found in wine, and quercetin, which can be found
in fruits and vegetables [135,136]. Thus, the role of oxidative stress in the disease explains
the principle of adding antioxidants as a treatment for TED, and research shows promising
potential in slowing disease progression and reducing inflammation [114,129,137].

Oxidative stress has further been studied to evaluate its correlation with the disease’s
clinical activity score, leading to findings of a positive correlation [138]. Tsai et al., have
investigated the relationship of oxidative stress with clinical activity score but also with
smoking by measuring the concentration of a urinary marker of oxidative DNA damage, 8-
OHdG, in TED patients, in control patients, and in TED never-smoking patients. Significant
levels of oxidative damage were found in TED patients, which correlate to CAS, and
increased levels were also found in smokers compared to never-smokers [139]. Later
studies have confirmed this positive correlation among oxidative damage markers and
CAS, this time with the serum marker MDA, a marker of lipid peroxidation, and also with
tear levels of MDA and 8-OHdG in TED patients [140,141].

Regarding smoking, Tsai et al.’s study implies that smoking-induced oxidative stress
may contribute to TED and further lead to oxidative damage [139]. This is consistent
with the literature already establishing a role of smoking in ROS generation [142]. These
findings are clinically pertinent since smoking is a known risk factor for TED, affecting
its development and progression. This provides additional proof to counsel smoking
cessation to improve patients” quality of life and limit clinical activity of TED by reducing
oxidative damage and inflammation caused by tobacco. In line with this work, a recent
study examined imbalance in thiol-disulfide homeostasis, an indicator of oxidative stress,
in plasma of TED patients, but also in smoking patients and controls [143]. They found that
increased disbalance in favor of disulfides, which are pro-oxidant molecules [144], occurs
in TED patients compared to controls, but also in active compared to inactive TED patients,
as well as in smokers [143]. Also, imbalance in thiol-disulfide homeostasis positively
correlates with clinical activity score and is associated with proptosis, confirming a role
for ROS in the clinical presentation of the disease [143,144]. Potential use of this marker in
monitoring TED’s activity may be envisioned in the future for management of TED, though
further research is required, notably to establish whether a link between this homeostasis
disbalance marker and clinical activity score in the context of corticosteroid treatment or
with the use of anti-inflammatory compounds.

These studies highlight again a link between tobacco, oxidative stress, and inflam-
mation, while further pointing to the fact that smoking decreases the antioxidant systems’
homeostasis and is linked to clinical activity score and proptosis. Smoking cessation will
thus help reduce clinical activity score as well as treatment outcomes, notably by reducing
ROS and inflammation [25].

To conclude, the role for ROS in the inflammation process of TED seems clear. The
literature suggests ROS are involved in the disease’s physiopathology but also in its severity
and clinical activity. It also shows that ROS, IL-1, and TGF-B play critical roles in inflammation
and influence each other. Targeting oxidative stress early on may have potential implications
for disease management by decreasing inflammation in the retro-orbital and ocular space,
preventing buildup of GAG and orbital fibroblasts” expansion, reducing cell homeostasis
disbalance, and limiting oxidative damage parameters, altogether improving clinical activity
score and symptoms such as proptosis [144]. A better understanding of the orbital inflammation
process and its interaction with oxidative stress, as well as increased understanding of the
complex physiopathology of TED, may pave the way for novel therapeutic approaches and
improved disease management. Figure 2 below provides an overview of potential implications
of oxidative stress in TED.
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Figure 2. Overview of potential implications of oxidative stress in TED (BioRender, https:/app.
biorender.com/, accessed on 3 October 2023). CSE: cigarette smoke extract; ROS: reactive oxygen
species; MDA: malondialdehyde; OHdG: 8-hydroxy-2’-deoxyguanosine; GAG: glycosaminoglycans;
HA: hyaluronic acid; ROOH: lipid hydroperoxide; HSP-72: heat shock protein 72; SOD: superoxide
dismutase; CAT: catalase; GPx: glutathione peroxidase; GSH: glutathione.

Table 5. Summary of main studies involving ROS in TED.

Author Year Conclusion

H,O, induced the expression of a heat shock protein-72
(which has a role in antigen recognition and
T-cells recruitment).

Heufelder et al. [145] 1992

Superoxide anions trigger, in patients with TED:
Retro-orbital fibroblasts proliferation,
Glycosaminoglycan production,
Pro-inflammatory cytokines production.

Burch et al. [125] 1997

IL-1pB increases ROS production in TED patients and
control-derived retro-orbital fibroblasts;

IL-1B increases production of GAG in a dose-dependent
manner in all retro-orbital fibroblasts;

ROS were expressed in retro-orbital fibroblasts from
TED patients but not in controls.

Lu et al. [128] 1999

Orbital inflammation contributes to increased oxidative
stress parameters in hyperthyroid and euthyroid

TED patients;

Stabilization of oxidative stress parameters was
achieved only in non-TED patients.

Bednarek et al. [123] 2005

There are increased levels of urinary 8-OHdG (a marker

Tsai et al. [139] 2007 of oxidative DNA damage) in patients with active TED.

Decreased activity of superoxide dismutase, GPx, and
glutathione peroxidase occurs in orbital fibroblasts from
TED patients.

Hondur et al. [137] 2008
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Table 5. Cont.

Author Year Conclusion

Oxidative stress perpetuates oxidative damage to DNA,
as seen with increased urinary levels of 8-OHdG in
TED patients;

Tsai et al. [138] 2009 Oxidative DNA damage positively correlates to clinical
activity of TED;
Higher levels of urinary 8-OHdG are seen in smokers
compared to never-smokers.

Oxidative stress increases lipid peroxidation and
oxidative DNA damage in TED orbital fibroblasts;

Tsai et al. [113] 2010 TED orbital fibroblasts accumulate higher amounts of
intracellular ROS (such as superoxide anions and H,O,)
compared to those of normal controls.

H>0O, exacerbates elevation of ROS in TED
orbital fibroblasts;

Tsai et al. [126] 2011 Potential hypersensitivity of TED orbital fibroblasts to
oxidative stress may be involved in the pathogenesis
of TED.

H,0O, induces expression of intracellular
pro-inflammatory cytokines TGF-p and IL-18 in TED
orbital fibroblasts;

Tsai et al. [129] 2013 H,O, (at low level) induced proliferation of
orbital fibroblasts;
Antioxidants (such as vitamin C) protect against these
peroxide-induced effects.

There are increased MDA levels and decreased GSH
levels in sera of GD patients with TED compared to GD
patients without TED and controls;

Akarsu et al. [140] 2011 MDA levels positively correlate with the disease’s
clinical activity score;
GC therapy decreases serum MDA levels, whether
taken orally or IV.

Increased oxidative stress activity was found in

extraocular muscle and adipocytes from TED patients,
Marique et al. [146] 2015 along with upregulation of antioxidants;

Serum TSHR antibody levels are related to the

expression of oxidative stress.

There are increased markers of oxidative stress (MDA
and 8-OHdG levels) in tear film of TED patients;
Concentration of these markers correlates with
disease severity.

Choi et al. [141] 2018

Imbalance in thiol-disulfide homeostasis (TDH)
indicates presence of oxidative stress in
moderate-to-severe TED;

Yuksel et al. [143] 2019 Imbalance is significant in TED patients compared to
controls, in active TED patients compared to inactive
TED patients, and in smokers;
TDH imbalance correlates with clinical activity score.

Thiol-disulfide homeostasis (TDH) disbalance is
associated with proptosis in TED patients.

TED: thyroid eye disease; GD: Graves’ disease; GC: glucocorticoid; MDA: malondialdehyde; 8-OHAG:
8-hydroxy-2'-deoxyguanosine.

Acibucu et al. [144] 2019
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6. Implications for Treatment

The present review aimed to review and synthesize the current understanding of
TED’s pathogenesis, particularly highlighting inflammatory and stress responses and their
implications. In this section, we aim to provide a brief overview of how increased under-
standing of TED’s histopathology has oriented new research and therapies by showcasing
therapeutic avenues that are currently explored in relation to cytokines and oxidative stress.

Because of the involvement of ROS in the pathophysiology of TED, oxidative stress
markers in tears have received researchers’ attention in recent years. Notably, levels of
oxidative stress markers 8-OHdG and MDA were studied in tears of active TED patients
and increased levels were reported. Concentration of these markers also seems to correlate
with the disease’s clinical activity and severity [141]. MDA levels in tears also decreased
with glucocorticoid treatment [140]. More studies examining oxidative stress markers in
tears, but also natural compounds’ effects on tear composition, should be conducted given
their antioxidant and anti-inflammatory role, along with their proven ability to reduce ROS.

Since cytokines are also involved in the pathogenesis of TED, research aimed at
examining differences in tear cytokine profiles is also underway. A study by Kishazi et al.,
found increased levels of IL-6 and TNF-a in TED patients’ tears when compared to those of
healthy individuals, with levels notably higher in TED patients with CAS equal to or higher
than 3. This is consistent with previous studies, like that of which examined tear cytokine
profiles in TED patients, in GD patients without TED, and in healthy control patients [96].
The expression of seven cytokines across these groups were examined, and a significant
up-regulation of IL-6, TNF-«, IL-18, IL-13, IL-17A, and IL-18 and RANTES in TED patients
compared with controls was found. However, no significant differences were found in
tears’ cytokine profile among TED and GD patients. They also examined the release of
plasminogen activator inhibitor-1 (PAI-1) in these groups and found increased levels of PAI-
1 in TED and GD patients compared with the control group, with PAI-1 being significantly
higher in TED patients than in GD patients. A significant positive correlation between
tear levels of IL-6 and PAI-1 and CAS score was also noted. More studies examining tear
composition among GD patients with TED and GD patients without TED are needed to
better distinguish tear profiles, evaluate whether differences in other cytokines” expression
exist, such as in VEGEF, and to further understand the implications of PAI-1 and its potential
role as a biomarker.

Cai et al., found that patients with inactive TED had higher levels of IL-7 when
compared to healthy controls and active TED patients, respectively [147]. Tear levels of
IL-15 and IL-17 have also been found to be increased in active TED compared to inactive
TED [148]. Huang et al., not only confirmed the previous findings but also found positive
correlations between levels of IL-18, IL-6, and IL-17A and clinical activity score, which
points to a potential future use in assessing disease’s severity [149]. This shows that
differences in tear films’ composition have been found among patients with active and
inactive TED, compared to healthy patients [150].

A recent study further examined tears” inflammatory cytokines profile in active TED
patients following administration of corticosteroids, finding significantly decreased con-
centrations of IL-18, IL-6 IL-8, TNF-«, and VEGF after a 12 week treatment course. They
also confirmed the previously noted positive correlation between IL-6 and CAS, while also
finding a correlation among IL-8 levels and CAS [151]. Future work should also examine
the impact of corticosteroid therapy on tears’ biomarkers in inactive TED patients to assess
whether differences exist, but also on PAI-1 expression, which has been linked to disease
activity score, as seen previously.

Although further research is needed, increased evidence suggests a potential role for
tears as a source of biomarkers, highlighting a potential role as a diagnostic and clinical
management tool [152]. Overall, these findings point to a potential role for tears as a
biomarker fluid which could shape the future management of TED. Increased understand-
ing of tears’ composition in TED and how it may be altered through oxidative stress and
use of therapeutics may allow for a closer follow-up of patients’ treatment, along with
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prompt and targeted reduction in oxidative stress. More studies, notably on the sensitivity
and specificity of these potential biomarkers may help to uncover suitable markers in the
diagnosis and prognosis of TED [141,148].

To date, most studies focusing on TED's pathophysiology have involved orbital tissues’
sampling. Research focusing on tear composition may prove interesting by helping to
understand TED’s pathogenesis and develop new therapeutic targets, while also having the
advantage of being less invasive than surgical tissue sampling and more accessible [141].

7. Conclusions

Increased understanding of the disease’s physiopathology has improved patient care
and given way to new treatment options, showing the implications of research from lab
to bedside. Despite increased knowledge on the interplay of immune factors, orbital
fibroblasts, and oxidative stress in the development of TED, further studies are needed to
elucidate the complex interactions of these factors and their effect on disease severity.

Notably, more research to elucidate the role of IGF-1R autoantibodies is required, as
well as on the precise involvement and mechanisms of ROS in orbital inflammation and
its relationship with proinflammatory cytokines. Future work on potential therapeutic
approaches such as tear biomarkers is underway and could pave the way for increased
disease management and follow-up. Research exploring tools for increased diagnosis,
monitoring, and prediction of the disease’s severity and progression is also needed.
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