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Graves' disease (GD) is an autoimmune disorder characterized by the production
of stimulatory autoantibodies against the thyrotropin receptor, leading to hyper-
thyroidism and diffuse goiter. The most frequent extrathyroidal manifestation is
Graves' ophthalmopathy (GO), also known as thyroid eye disease (TED), which is
responsible for significant morbidity due to orbital inflammation, tissue remod-
eling, and visual impairment. In recent years, increasing evidence has demon-
strated that cytokines play a central role in both GD and TED, orchestrating
immune cell activation, autoantibody production, fibroblast stimulation, and
tissue remodeling. The evolving understanding of cytokine networks has re-
shaped disease models and paved the way for targeted therapies that interfere
with specific immune pathways. We review the immunepathogenesis of GD and
TED, the role of cytokine networks, and the available cytokine-targeted therapies.

KEYWORDS
autoimmune thyroid disorders, chemokines, cytokines, Graves' disease, thyroid eye
disease

Introduction

Autoimmune thyroid disorders (AITD) include Graves’ disease (GD) and Hashimoto’s
thyroiditis (HT), both of which are characterized by lymphocytic infiltration of the
thyroid (1).

Clinically, patients with HT develop hypothyroidism, and the prevalence of HT is
estimated to be between 5% and 10% worldwide (2).

Graves’ disease is the most common cause of hyperthyroidism in Western countries
with near-normal iodine intake. The prevalence of GD is approximately 3% in women and
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0.5% in men, and the peak incidence occurs between 30 and 60
years of age. The disease is more prevalent in women, with a female-
to-male ratio of 5-8:1. Graves’ disease is characterized by the
appearance of extrathyroidal manifestations, including Graves’
ophthalmopathy, or thyroid eye disease (TED), affecting approxi-
mately 30%-40% of patients with GD, GD dermopathy, affecting
2% of patients, and acropathy, affecting less than 1% of patients (1).
Furthermore, patients with GD more frequently experience neuro-
psychiatric disturbances, reduced fertility, and pregnancy-re-
lated disorders.

The clinical presentation of GD is variable and can significantly
impact patients” overall wellbeing. Symptoms include tremor, heat
intolerance, warm skin, weight loss despite normal eating habits,
irritability, anxiety, goiter, menstrual irregularities, erectile dysfunc-
tion or reduced libido, palpitations, frequent bowel movements,
fatigue, and other systemic features (3, 4).

In GD, pathogenic autoantibodies target the thyroid-stimulat-
ing hormone receptor (TSH-R) and are referred to as thyroid-
stimulating hormone receptor antibodies (TRAD) (5).

Thyroid-stimulating hormone receptor antibodies can be clas-
sified as thyroid-stimulating antibodies (TSAb), thyroid-blocking
antibodies (TBAD), or neutral antibodies (6, 7). TSAb are the
pathogenic autoantibodies specifically associated with GD; they
bind to the TSH-R on thyrocytes and induce cell proliferation,
thyroid growth, and hypersecretion of thyroid hormones (T4 and
T3) (6). TSAb can be detected by modern methods in approxi-
mately 99% of patients with GD.

Thyroid peroxidase antibodies (AbTPO) are present in 80% of
patients and thyroglobulin antibodies (AbTg) in 60%, but neither is
disease-specific (8).

Graves’ disease is a relapsing-remitting autoimmune disease
characterized by acute phases of hyperthyroidism followed by
periods of remission; however, hyperthyroidism can subsequently
reappear after months or years after remission.

Thyroid eye disease can also occur in patients with
euthyroidism and HT (approximately 2%) (9, 10). TED is an
autoimmune disorder characterized by an orbital inflammation,
with an incidence of 20-50 per 100,000 individuals per year (9, 11).
TED is characterized by a wide spectrum of manifestations, includ-
ing eyelid inflammation, proptosis, diplopia, and/or restrictive
strabismus, and, in the most severe cases, exposure-related
keratopathy, and dysthyroid optic neuropathy (5).

The majority of patients with TED (approximately 70%-75%)
had a mild form of the disease, while moderate-to-severe TED
occurs in 25% of patients and requires systemic therapy. A very
severe form, characterized by optic neuropathy or severe exposure
keratopathy, occurs in 2% of patients with TED.

Thyroid eye disease is characterized by the an initial acute phase
followed by a progressive reduction in the severity of symptoms;
however, recurrence of the acute inflammatory phase is also possible.

The target of the autoimmune process in TED is the orbital
fibroblasts (OF), which expresses both the TSH receptor and the
insulin-like growth factor 1 receptor (IGF-1R), which are co-
localized on the surface of the membrane. TSAb and IGF-1R
autoantibodies may activate the TSH/IGF-1 receptor complex on
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the OF, triggering intracellular pathways that induce fibroblast
proliferation, differentiation into adipocytes, secretion of
glycosaminoglycans (GAGs), and secretion of pro-inflammatory
cytokines and chemokines that are associated with the appearance
of the clinical manifestations (8).

In both GD and TED, the phenotype of infiltrating T lympho-
cytes may evolve over the course of the disease, with T helper 1
(Th1) cells predominating during the early stages and a shift toward
a Th2-predominant immune response in patients with longer
disease duration or during remission (12-14).

The cells of the target tissues (thyrocytes in GD and OF in TED)
under the influence of Th1 cytokines, mainly interferon (IFN)-yand
tumor necrosis factor (TNF)-o, produce large amounts of Thl
chemokines, including chemokine (C-X-C motif) ligand (CXCL)-
10, (CXCL)-9, and (CXCL)-11, together with other pro-inflamma-
tory cytokines, including interleukin (IL)-6, CCL2, IL-8, and IL-21,
which recruit other autoreactive immune cells in the target tissue,
thereby initiating and perpetuating the autoimmune process (15).

Given the importance of cytokine and chemokines in the
pathogenesis of GD and TED many studies have been conducted
to evaluate their role in the immunepathogenesis of these diseases,
with the additional goal of identifying novel cytokine- and chemo-
kine-targeted therapies.

This narrative review summarizes the roles of cytokines and
chemokines in GD and TED, together with new targeted therapies.
The literature search was conducted using Pubmed with the
following keywords: “Graves’ disease”, “hyperthyroidism”,
“Graves’ ophthalmopathy”, “thyroid eye disease”, “cytokines”,
“chemokines”, “INF-gamma”, “INF-alfa”, “IL-2”, “CXCL10”,
“CXCL9”, “CXCL117, “CCL2”, “IL-67, “IL-8”, “IL-217, “Th1”,
“Th2”, “Th17”, “targeted therapies in Graves™ disease”, and “tar-
geted therapies in thyroid eye disease” from January 2005 to
March 2026.

Breakdown of immune tolerance in
Graves' disease

Genetic and environmental determinants

In GD, the loss of immune tolerance is associated with the
interplay of environmental triggers and genetic susceptibility.
Environmental factors, such as stress, smoking, infections, iodine
intake, and pregnancy, can affect immune responses and modulate
disease expression. Polymorphisms in genes associated with
immune regulation, including CTLA-4, human leukocyte antigen
(HLA)-DR3, cytokine-related genes, and PTPN22, are important in
abnormal immune activation (1). Cytokines and chemokines may
guide the interplay between genetic predisposition and environ-
mental risk factors. For instance, an excessive iodine intake can
induce the appearance of an overt hyperthyroidism in predisposed
patients with autoimmune thyroiditis (AT), while smoking in-
creases the expression of pro-inflammatory cytokines and activates
oxidative stress pathways in orbital tissues of patients with TED,
thereby exacerbating the disease (1).
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Antigen presentation and T-cell activation

The presentation of TSH-R by antigen-presenting cells (APCs)
to naive T lymphocytes is associated with initiation of GD. The
activation of autoreactive T lymphocytes induces macrophages, B
cells, and dendritic cells to produce pro-inflammatory cytokines
that reinforce the activation of other autoreactive T cells while
contributing to the relative deficiency and dysfunction of regulatory
T cells (Tregs), thereby allowing a sustained autoimmune pro-
cess (16).

T-helper cell subsets and cytokine profiles
in Graves' disease

In GD, the interaction between TRAb and cytokines creates a
self-perpetuating autoimmune loop that drives thyroid overactivity
and inflammation. In fact, the binding of TSAb to the TSH-R on
thyrocytes triggers the activation of multiple signaling pathways,
including nuclear factor kB (NF-xb), which is thought to activate
the promoter regions of many chemokines (17).

T helper 1 cells are activated against thyroid antigens and TSH-R,
producing large amounts of cytokines, such as IEN-y and IL-2, which
promote the activation of macrophage and upregulate the expression
of MHC class II on the surface of thyrocytes, thereby increasing the
presentation of thyroid antigens and perpetuating thyroid inflamma-
tion. IFN-y and IL-2 are particularly important during the early acute
phase of the disease because they induce the secretion of large
amounts of Thl cytokines (CXCL10, -9, and -11), which lead to
the chemotaxis of additional Thl cells, creating a self-amplifying
inflammatory loop (18). Thl cytokines act together with Th2
cytokines to activate autoreactive B-cells.

T helper 2 cytokines, such as IL-5, IL-4, and IL-13, promote B-
lymphocyte proliferation and the production of autoantibodies.
These Th2 cytokines induce the production of TSAb and other
thyroid autoantibodies, and the Th2 response is predominant
during the later phases of the disease and during remission (18).

The differentiation of Th17 lymphocytes is supported by
cytokines, such as IL-1f, IL-6, and IL-23, and these cells secrete
important cytokines, including IL-17A, IL-22, and IL-21 (19). Some
studies have reported that IL-17 and inflammatory cytokines and
chemokines play an important role in the pathogenesis of HT (20-
23). Furthermore, IL-17 is important in patients with active TED,
acting as a link between orbital inflammation and systemic auto-
immunity (24).

Tregs play a central role in the maintenance of immune
tolerance by secreting the anti-inflammatory cytokines IL-10 and
transforming growth factor (TGF-B). In GD, many studies have
shown a decrease in the number of Tregs, accompanied by func-
tional defects. Reduced production of TGF-3 and IL-10 contributes
to an enhanced activity of T cells.

Moreover, patients with AITD show an increase in B regulatory
cells, possibly to counteract the activation of Th17 inflammatory
pathways (25).

The increased amounts of cytokines in the environmental
thyroid tissue lead to the activation of thyrocytes themselves,
which actively participate in the autoimmune response by secreting
more chemokines and cytokines (26).
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Cytokine in Graves’ disease and
thyroid eye disease

Interferon-y enhances macrophage activation, antigen presen-
tation, and chemokine production. In GD, IFN-v sustains autoim-
munity by upregulating the MHC class II expression on thyrocytes,
transforming these cells into non-professional APCs. It also induces
CXCL10 production, thus promoting the recruitment of further
Thl cells (27). In TED, IFN-y activates OF and increases the
expression of adhesion molecules. Its role is predominant in the
early and active phase of TED, when it promotes CXCL10 produc-
tion (28).

Macrophages, T cells, and fibroblasts produce the pro-inflam-
matory mediator TNF-o, which is critically involved in tissue
damage, immune cell recruitment, and endothelial activation.

In GD, elevated serum TNEF-a levels have been associated with
disease activity, where it amplifies the autoimmune response and
enhances MHC class II expression on thyrocytes (27). In TED,
TNEF-o activates OF, enhancing cytokine release, tissue remodeling,
and GAGs production. Moreover, TNF-o, amplifies inflammatory
responses by acting synergistically with IL-1P and IFN-y.

The important pathological role of TNF-o has led to the
investigation of anti-TNF therapies in TED; however, results have
been inconsistent, likely due to both disease heterogeneity and the
redundancy of cytokine signaling pathways (28, 29).

Interleukin-1 family

Interleukin-1p is a pro-inflammatory cytokine produced mainly
by activated macrophages, monocytes, and fibroblasts following
activation of the inflammasome (30, 31).

Interleukin-1p is present in the thyroidal tissue of patients with
GD and promotes inflammation by inducing other cytokines,
chemokines, and adhesion molecules. Moreover, IL-13 suppresses
thyroid hormone synthesis and iodide uptake, linking immune
activation to altered thyroid function (32).

In TED, IL-1B acts on OF by stimulating the synthesis of
hyaluronan, resulting in tissue edema and orbital congestion.
Furthermore, IL-1B stimulates the production of IL-6 and prosta-
glandins, amplifying inflammatory pathways. Therefore, IL-1f
appears to play a central role in the pathogenesis of TED; however,
to date, no clinical trials have explored this cytokine.

In addition, the less investigated IL-10: contributes to autocrine
and paracrine inflammatory signaling, and similar to IL-1pB, acts
through the IL-1 receptor type I, activating NF-xb and
MAPK pathways.

Interleukin-1 is modulated by IL-1 receptor antagonists (IL-
1Ra), and the balance between IL-10,, IL-1f, and IL-1Ra constitutes
an important modulatory aspect of a major inflammatory pathway
that may play an important role in GD (33). The concentration of
IL-1Ra in OF was significantly lower in patients with TED com-
pared with controls. Li and Smith demonstrated that when stimu-
lated by TSH, OF and fibrocytes from patients with GD produced
IL-1Ra. Because of the lower concentration of IL-1Ra in the OF than
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in fibrocytes of patients with TED, OF reacted more significantly to
IL-1P than fibrocytes did (34).

However, because of the redundancy and pleiotropy of IL-1
signaling, it is hard to obtain a targeted and specific therapeutic
activity (34).

Interleukin-2 plays a key role in T-lymphocyte survival, prolif-
eration, and in supporting the homeostasis of Tregs. Patients with
AITD show alterations in IL-2 receptor expression and signaling
that favor an expansion of effector T cells in GD (35).

Interleukin-6 and the STAT3 Axis

Interleukin-6 is a pleiotropic cytokine produced by immune
cells and by non-immune cells, such as endothelial cells, thyrocytes,
and orbital fibroblasts (36). IL-6 stimulates the release of acute-
phase proteins and has immune-regulatory properties by promot-
ing T-cell and B-cell differentiation and maturation, in addition to
activating cells such as fibroblasts (37, 38).

In GD, IL-6 leads to B-cell differentiation and antibody pro-
duction, including TSAb, and high serum IL-6 levels correlate with
disease severity and activity.

In TED, IL-6 acts through the JAK/STAT3 cascade promoting
fibroblast survival, cytokine production, and resistance to apoptosis.
Moreover, IL-6 sustains the immune dysregulation by promoting
Th17-cell differentiation and suppressing Treg development.

Because of the central role of IL-6 in TED pathogenesis,
targeting the IL-6 receptor is a strong rational therapeutic approach
(37).

Thl7-related cytokines

In GD, increased circulating Th17 cells and elevated IL-17 levels
have been reported, and these findings are particularly pronounced
in patients with active disease and those with TED.

Interleukin-17 acts as a pro-inflammatory cytokine by stimu-
lating the production of IL-6. In addition, IL-17 synergizes with
other cytokines, including IFN-y, IL-1B, and TNF-o, enhancing
local inflammation (19, 39, 40). Moreover, IL-17 induces cytokine
and chemokine production from fibroblasts and epithelial cells and
upregulates IL-6 and IL-8 expression in the OF, thereby amplifying
inflammatory feedback loops.

Both GD and TED are characterized by high expression of IL-
23, which is essential for the stabilization and pathogenicity of Th17
cells. Therefore, the IL-23/IL-17 axis may represent a potential
therapeutic strategy, particularly in refractory disease (41).

Regulatory cytokines

Interleukin-10 is an anti-inflammatory cytokine produced by
Tregs, macrophages, and B cells. It acts by suppressing pro-
inflammatory cytokine production and limiting immune-mediated
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tissue damage. Reduced IL-10 levels or impaired IL-10 signaling
have been associated with persistent immune activation and auto-
antibody production and are associated with disease activity in GD.

The regulatory cytokine TGF- has a dual role in GD and TED;
it supports the immune tolerance by promoting Treg differentia-
tion, but also drives fibrotic processes in later stages of TED.
Moreover, TGF-B induces fibroblast differentiation into
myofibroblasts and promotes extracellular matrix accumulation in
the orbital tissues, contributing to disease resolution during the
early stages but also contributing to irreversible tissue remodeling in
chronic TED (42, 43).

Therefore, cytokine expression in GD and TED varies during
the course of the disease, and this aspect has important therapeutic
implications, since anti-cytokine therapies are likely to be most
effective during the early inflammatory, active phase of the disease
(3) (Table 1).

Chemokines and immune cell
recruitment

Chemokine refers to a particular subgroup of cytokines with
chemotactic activity for different leukocyte subtypes (44).

They are peptides with low molecular weight and high sequence
homology, classified into four main subfamilies (CXC, CC, CX3C,
and XC), and they bind with G protein-linked transmembrane
receptors localized on the surface of target cells (44). They attract
leukocytes to inflamed sites, playing a role in inflammation,
angiogenesis, tumor growth, and sclerosis (44-46).

The CXC chemokines inducible by IFN-y - CXCL9, CXCLI0,
and CXCLI1 - are associated with Thl-mediated immune re-
sponses (47), and they bind the CXC3 receptor (CXCR3) (48).

CXCL10 and its CXCR3 receptor play a pivotal role in the initial
phases of AITD (49, 50).

In patients with GD, CXCL10 was detected in thyrocytes,
endothelial cells, and inflammatory cells, which also expressed a
large amount of CXCR3 (50-55).

In vitro, human primary cultures of GD thyrocytes do not
secrete. CXCL10; however, IFN-y induces CXCL10 dose-depen-
dently, and cotreatment with IFN-y and TNF-o induces a strong
synergistic secretion of CXCR3 chemokines (vs. IFN-y alone)
(48, 56).

Graves’ disease patients with recent disease onset showed high
CXCLI10 levels; the release of CXCL10 by follicular cells recruits
Th1 lymphocytes into the gland (49), and the locally produced IFN-
v-dependent chemokines reach the circulation, achieving high
circulating levels (1).

In GD, hyperthyroidism is associated with elevated Th1 che-
mokines, which are reduced by methimazole (MMI). CXCL10 levels
are similarly increased in newly diagnosed and relapsing patients,
thus identifying the active phase of GD (57). Early GD is charac-
terized by a predominant Thl immune profile, which shifts toward
Th2 during MMI therapy (58). CXCL10 levels decrease after
radioiodine ablation or thyroidectomy, indicating that the thyroid
is the main source (59). CXCL10 polymorphisms are associated
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TABLE 1 Disease-stage specific cytokine profiles.

Cytokines

IEN-y

Graves' disease

It is involved in early acute phase of GD.

It induces the secretion of huge amounts of Th1
cytokines (CXCLI10, -9 and -11), that attract additional
Th1 cells creating a self-amplifying inflammatory loop
(18).

It upregulates the MHC class II expression on thyrocytes.

10.3389/fimmu.2026.1800029

Thyroid eye disease

It activates OF and increases expression of adhesion molecules.
It has a predominant role in the early and active phase of TED with the induction of
CXCL10 production (28).

IL-2

It is involved in early acute phase of GD.

It induces the secretion of huge amounts of Th1
cytokines (CXCL10, -9 and -11), that attract additional
Th1 cells creating a self-amplifying inflammatory loop
(18).

Th1 dependent

It is involved in early acute phase of GD.

CXCL10 was detected in thyrocytes, endothelial and
inflammatory cells, which also expressed a large amount
of CXCR3 (50-55).

In vitro human primary cultures of GD thyrocytes are
not able to secrete CXCL10; IFN-y induces dose-
dependently CXCL10; IFN-y plus TNF-o. induces a
strong synergistic CXCR3 chemokines secretion (vs. IFN-
7 alone) (48, 56).

Elevated serum CXCLI10 levels are found in the active phase of TED (1).

In vitro studies on primary cultures from TED patients, retro-OF and preadipocytes
showed that CXCL10 is secreted only after stimulation with IFN-y in a dose dependent
manner, and the effect was enhanced by TNF-o,, suggesting a role for retrobulbar cells in
sustaining orbital inflammation (62).

Serum CXCL9 and CXCL10 levels decrease during corticosteroid and radiotherapy
treatment in TED patients (63, 64).

and enhances MHC class II expression on thyrocytes
(27).

chemokines GD patients with recent disease onset show high
(CXCL10, -9 and | CXCLIO0.
-11) Hyperthyroidism is associated with elevated Th1
chemokines, which are reduced by MMI. CXCL10 levels
are similarly increased in newly diagnosed and relapsing
patients, thus identifying the active phase of GD (57).
Early GD is characterized by a predominant Thl
immune profile, which shifts toward Th2 during MMI
therapy (58). CXCL10 levels decrease after radioiodine
ablation or thyroidectomy, indicating the thyroid as the
main source (59).
IL-17A induces RANTES expression in OF from TED patients through CD40-CD40L
RANTES/CCL5 interactions, further supporting the involvement of chemokines in TED pathogenesis
(67).
CXCL8 Associated with the later chronic, TNF-ai-dominant phase (56).
CXCL13 Aberrant CXCL13/CXCRS5 signaling has been implicated in impaired B-cell homeostasis
(67).
Elevated serum TNF-o. levels have been associated with It activates OF, enhancing the cytokine release, tissue remodeling and GAGs production.
TNF-o. GD activity, where it amplifies the autoimmune response | Moreover, TNF-o. amplifies the inflammatory responses by synergistically acting with IL-

1B and IEN-y (28, 29).

Th2 dependent

chemokines (i.e

IL-5, IL-4, and
IL-13)

Th2 dependent chemokines activate autoreactive B-cell,
and the production of autoantibodies, acting together
with Th1 cytokines. Th2 response is predominant during
the later phases of the disease and during remission (18).

IL-1B

IL-1B is present in the thyroidal tissue of GD patients,
and promotes inflammation by inducing other cytokines
and chemokines and adhesion molecules; moreover IL-
1B suppresses thyroid hormone synthesis and iodide
uptake, linking immune activation to altered thyroid
functions (32).

It acts on OF by stimulating the synthesis of hyaluronan with a consequent tissue edema
and orbital congestion. Furthermore, IL-1B stimulates the IL-6 and prostaglandin
production, amplifying the inflammatory pathways.

IL-10t and IL-
1Ra

IL-2

The balance between IL-10,, IL-1B, and IL-1Ra
constitutes an important modulatory aspect of a major
inflammation pathway that may play important roles in
GD (33).

Patients with AITD showed alterations in IL-2 receptor
expression and signaling that favor an expansion of
effector T-cell in GD (35).

The concentration of IL-1Ra in OF is significantly lower in TED patients compared to
controls.

IL-6

In GD, IL-6 leads to B-cell differentiation and antibodies
production such as TSAb, and high serum IL-6 levels
correlate with disease severity and activity (37).

In TED, IL-6 acts through the JAK/STAT3 cascade promoting fibroblast survival,
cytokine production, and resistance to apoptosis. Moreover, IL-6 sustains the immune
dysregulation by promoting the Th17 cell differentiation and suppressing Tregs
development (37).
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TABLE 1 Continued

Cytokines Graves' disease

i i in th ith TED.
IL-17 and IL-23 active disease and in those wit

10.3389/fimmu.2026.1800029

Thyroid eye disease

In GD, increased circulating Th17 cells and elevated IL-17 levels have been reported, and these findings are particularly pronounced in patients with

Both GD and TED showed high expression of IL-23, that is essential for the stabilization and pathogenicity of Th17 cells. Therefore, the IL-23/IL-17
axis may represent a potential therapeutic strategy, particularly in refractory disease (41).

Reduced IL-10 levels or impaired IL-10 signaling have
been related to a persistent immune activation and

IL-10 S . . . S

autoantibodies production and is associated with disease

activity in GD.

It supports the immune tolerance by promoting Treg It supports the immune tolerance by promoting Treg differentiation, induces fibroblast
TGE-B differentiation. differentiation into myofibroblasts and extracellular matrix accumulation in the orbital

tissues, contributing to disease resolution in early stages but to irreversible tissue
remodeling in chronic TED (42, 43).

GD, Graves’ disease; MMI, methimazole; OF, orbital fibroblasts; TED, thyroid eye disease.

with disease severity, and persistently high levels may predict a lack
of remission (60, 61).

As stated above, OF participate actively in the pathogenesis of
TED (42). Elevated serum CXCLI10 levels are also found during the
active phase of TED (1). In vitro studies using primary cultures
from TED patients, including retro-OF and preadipocytes, showed
that CXCL10 is secreted only after stimulation with IFN-yin a dose-
dependent manner, and the effect is enhanced by TNF-o, suggesting
a role for retrobulbar cells in sustaining orbital inflammation (62).
Serum CXCL9 and CXCL10 levels decrease during corticosteroid
and radiotherapy treatment in patients with TED, correlating with
disease activity and supporting their potential use as biomarkers to
guide therapy (63, 64).

Regulated upon activation, normal T-cell expressed and se-
creted (RANTES/CCLS5) is a member of the CC chemokine family
and a downstream target of NF-kB (65, 66). Wan et al. demon-
strated that IL-17A induces RANTES expression in OF from
patients with TED through CD40-CD40L interactions, further
supporting the involvement of chemokines in TED pathogenesis.
Aberrant CXCL13/CXCR5 signaling has also been implicated in
impaired B-cell homeostasis, contributing to disease activity in
TED (67).

Moreover, primary human cultures of fibroblasts and
preadipocytes from patients with TED show differential secretion
of CXCL8 and CXCLI0, reflecting distinct disease phases: CXCL10
predominates in the early IFN-y-driven phase, whereas CXCLS is
associated with the later chronic, TNF-o—dominant phase (56).

Drugs targeting cytokines and
cytokine signaling in GD and TED

From cytokine biology to targeted therapy

Knowledge of the important role of cytokines in immune
dysregulation in GD and TED has transformed therapeutic para-
digms. Traditional treatments, such as glucocorticoids (GCs) and
antithyroid drugs (ATDs), are able to exert broad immunosuppres-
sive effects but without selectively targeting the pathogenic path-
ways. Recent advancements in immunology have led to the
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development of new therapies able specifically target the involved
cytokines and their downstream signaling pathways (Figure 1). New
cytokine-targeted drugs have shown particular promise in TED
compared with GD without ophthalmopathy due to the presence of
thyrotropin receptor autoantibodies and the effectiveness of con-
ventional treatments (Tables 2, 3).

Glucocorticosteroids

Glucocorticosteroids have pleiotropic immunosuppressive ef-
fects through the inhibition of NF-xB and activator protein-1 (68),
leading to the reduction of several pro-inflammatory cytokines,
including IFN-y, TNF-o,, IL-1f, and IL-6.

Moreover, they impair leukocyte trafficking, induce apoptosis of
activated lymphocytes, and decrease vascular permeability. In the
OF, glucocorticosteroids suppress the synthesis of GAGs and the
production of inflammatory mediators.

Therefore, GCs are widely used for the treatment of active,
moderate-to-severe TED, with the intravenous route of adminis-
tration preferred over oral administration because of its greater
efficacy and more favorable safety profile. However, some limita-
tions are present, including the fact that 30%-40% of patients do
not respond to the therapy or relapse, and the use of GCs leads to
cumulative toxicity that limits their prolonged and/or repeated
use (69).

Because of these limitations, the need for new specific drugs
acting against pathogenic cytokine pathways is compelling.

Anti—IL-6 therapy

As discussed above, IL-6 plays a crucial role in the cytokine
network of TED by promoting B-cell activation, Th17 differentia-
tion, and fibroblast survival while simultaneously inhibiting regu-
latory immune mechanisms (37).

Tocilizumab

The humanized monoclonal antibody tocilizumab targets the
IL-6 receptor, leading to the inhibition of both classical and trans-
signaling pathways, and is used to treat inflammatory diseases such
as rheumatoid arthritis.
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TABLE 2 Drugs targeting cytokines and cytokine signaling in GD.

Drug Target Clinical outcomes Adverse events Ref
A prospective study in a small number of
patients suggested a beneficial effect in (84)
relapsing GD.
A multicenter phase 2 clinical trial in patients
with GD, evaluated RTX (along with
antithyroid drug for 1 year), and after 2 years | No serious side effects linked to treatment (85)
48% of patients achieved the hyperthyroidism
remission.
Rituximab CD20 antigens on B cells
8 A prospective, controlled, nonrandomized Some patients had adverse events at the first
study showed that RTX treatment may infusion: hypotension, nausea, fever, chills,
induce a sustained remission in patients with | and tachycardia. Other AEs were: had serum
GD and low TRAD levels; whereas did not sickness-like reaction with joint pain and
affect autoantibody levels and seems fever after the second infusion; worsening of (86)
ineffective in patients with high TRAb levels. gastrointestinal symptoms. Two patients in
each group (“RTX” and “no RTX”) had a
minor infection during the first year of
follow-up.
An open-label trial in GD patients with
treated hyperthyroidism showed t -
untreatec hyperthyroidism showed twenty All treatment-related AE were mild or
. four weeks after the last dose that 47% of
Iscalimab CD40 K K . R moderate and resolved by end of the study; (113)
patients achieved euthyroidism with a relapse onlv 1 patient reported moderate cystitis
in 4/7 and a decrease of circulating TRAb VP P cystitts.
levels.
A Phase I open label trial in 12 patients with
previously untreated mild to moderate
Graves' hyperthyroidism. Ten subjects
received all doses of the drug; five of them
HLA-DR molecules on the had free truodothyromneﬁlthm the reference ‘
. interval by the 18-week visit. Two further The most common adverse events were: mild
ATX-GD-59 surface of immature . . . L . . . (118)
. subjects had improved free thyroid hormones | injection-site swelling and pain
dendritic cells
by the end of the study (7/10 responders),
whereas 3 showed worsening thyrotoxicosis.
Serum TSHR autoantibody concentrations
reduced during the study and correlated with
changes in free thyroid hormones.
A randomized, -label, and Ilel- . .
L o . . 'rz.m ontuze. opén abel an . paxja CUBIOUP | Incidence of side effects such as
Azathioprine inhibits purine synthesis clinical trial investigated azathioprine as an . . . . (107)
i gastrointestinal disturbances, leucopenia, and
adjuvant therapy to ATDs for moderate and
(Continued)
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TABLE 2 Continued

Clinical outcomes

10.3389/fimmu.2026.1800029

Adverse events

severe GD showing that a combined therapy
could be a promising approach to achieve
rapid TSH control, lowering the relapse rate
as well as significantly lowering the levels of
TRAb compared with those who only
received ATDs.

infection was not statistically significant
between the intervention and control groups.

ATD, antithyroid drugs; AE, adverse event; GD, Graves™ disease; RTX, rituximab; TRAD, thyrotrophin receptor antibodies.

TABLE 3 Drugs targeting cytokines and cytokine signaling in TED.

Drugs Clinical outcomes Adverse events Ref
Common side effects: increased levels of liver
A systematic review report efficacy of TCZ enzymes, of plasma lipid. AEs were
in: acceptable in most reports or studies. Breast
-reducing TED inflammation during active and bladder cancer in one of the studies with 70)
TED (reduction of CAS of >3 points), and a 10 patients (the causal link between the 3
relapse rate of 8.2%; cases of cancer and TCZ treatment is
-reducing proptosis uncertain). Another patient presented acute
Tocilizumab IL-6 pyelonephritis.
Most reactions were mild to moderate, and
A recent meta-analysis has evaluated patients | include gastrointestinal, pulmonary, and renal
with steroid-resistant, active TED treated infections and headaches. Three patients had
with intravenous TCZ showing CAS and severe complications, such as: moderate (71)
proptosis reduction, a diplopia response in increase in transaminase levels; acute
48%, and reactivation rate only in 1%. pyelonephritis; anaphylactic shock with
bronchospasm.
An observational case series abstract of 5 TED No AEs were recorded except for mild
patients (active, moderate-severe TED) report neutropenia in one patient, not requiring
that all patients achieved a mean CAS reduction dose reduction. No patient required (73)
of 3 point, and an improvement of disease subsequent immunosuppressive treatment or
severity and antithyroid antibody levels. surgery.
Sarilumab IL-6 A retrospective study showed: a significant The most frequent AEs were: neutropenia,
reduction of CAS and of thyroid stimulating hypercholesterolemia, thrombocytopenia,
immunoglobulin. The GO-QOL baseline hypertransaminasemia, asthenia. 74)
mean total score significantly improved.
Sarilumab appeared as an effective and safe
option for the treatment of low CAS TED.
Two double-masked, placebo-controlled, The main risks observed are rash, arthralgia,
multicenter phase 3 trials evaluated the drug a decrease in neutrophil count and elevated
in TED patients with active, moderate-to- liver enzymes
Satralizumab 1L-6 severe, or chronic inactive TED (77)
hypothesizing important reduction of CAS
[(SatraGO-1 (NCT05987423); SatraGO-2
(NCT06106828); respectively].
Beneficial effect of IFX in a patient with active No short-term side effects reported
TED refractory to steroid, with a significant (81)
reduction in inflammatory activity index.
Infliximab TNF-. Case report of a patient with active TED and
optic nerve neuropathy, with therapeutic
success in the form of reduction of CAS and No AEs reported. (80)
disappearance of optic disc oedema 72 hours
after the drug application.
A pilot study presented 10 patients with mild | 3 patients had a recurrence of TED after
to moderate TED showing a significantly discontinuing ETA (79)
reduction of the inflammatory activity.
Case report of a patient with TED and No adverse effects reported.
Etanercept TNF-o rheumatoid arthritis in treatment with ETA
in combination with methotrexate. The 78)
patient reported a reduction of:
exophthalmos; CAS; the oculomotor muscle
oedema; TRAD levels.
(Continued)
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Drugs Target Clinical outcomes Adverse events Ref
A retrospective study in 10 patients with One patient experienced a significant
active phase of TED showed: 6/10 a reduced complication (hospitalisation for sepsis).
inflammation, while 3 an increase, and one
remained unchanged.
No significant change in the CAS index after
3 months of treatment. Analysing separately
Adalimumab TNF-o. 82
" the 5 patients with high baseline CAS index ®2)
(> 4) showed a significant regression, and
four of the 5 patients also reported subjective
improvement in TED symptoms. No
improvement in proptosis or ocular motility
disturbances.
Major side effects reported after ivMP were:
increase of aminotransferases, increase of y-
glutamyl transferase and glycemia and
glycosylated hemoglobin.
Two patients treated with RTX had a major
A double-blind, randomized trial comparing . p L . )
o i R K i infusion reaction, likely a cytokine release
RTX with ivMP in patients with active X K i
syndrome, with a rapid onset of orbital
moderate to severe TED. . - . (89)
L . edema and ensuing decrease of vision. Minor
RTX showed superiority over iv X . i
L X . . side effects observed in ivMP patients were:
glucocorticoids in reducing disease activity. . L K .
hypotension, dyspepsia, insomnia, and mild
mood disorders. RTX patients showed mild
infusion reactions, such as throat itching and
nose stuffing. One RTX patient had transient
hypotension.
Rituximab CD20 antigens on B cells AE: ted . loi thralgias: rash
RTX failed to show benefit over placebo in ) S, rep?r N .were. mya g{as/ar r'a glas., ?S >
K i X itching; infectious (bronchitis, conjunctivitis);
patients with active and moderate to severe > i (90)
vasculitis; optic neuropathy; severe
TED. L . . .
lacrimation; gastrointestinal disorders
A low-dose of RTX may be effective in the Low-dose RTX may achieve long-term
amelioration of inflammatory activity in inactivation of TED and an improved safety
patients with an active TED resistant to profile. (91)
steroid; thus, reducing systemic steroid
administration
A retrospective audit showed that a low-dose | A transient infusion-related rash.
of RTX is an efficacious, well-tolerated and
safe treatment for active TED; reducing (92)
disease activity and allowing reduced
administration of systemic steroid.
I t of the infl t i d
Tofacitinib JAK1/3 inhibitor fmprovement ot the infammatory signs af (96)
symptoms in patients with refractory TED.
The combination of MMF and The main reported AE were: mild abnormal
glucocorticoids in the treatment of moderate liver function and menstrual disorders in the
to severe TED showed better clinical results control group, with no differences between
(such as improvement of CAS and QOL control or experimental group. (99)
score, visual acuity, intraocular pressure, and The combination of MMF did not increase
others parameters) than iv shock with the number of significant adverse effects.
glucocorticoids alone.
A retrospective cohort study of TED patients
Ar r ,pe 1ve cotiort Sy O . patie Significant side effects occurred in 2 patients
with active moderate/severe to sight- (viral pneumonia and GI upset), that had
X inhibits de novo purine threatening TED showed that MMF as an P o pset), (100)
Mycophenolate Mofetil i X i also other comorbidities, then these events
synthesis effective and safe second-line .
. . may not necessarily be related to MMF.
immunosuppressive agent.
A retrospective study in moderate-to-severe
TED
patients showed that if the TSI levels are
lower it is better a first-line IVMP
. e (102)
monotherapy, sparing potential side effects of
MME; in presence of elevated TSI patients
may benefit from dual therapy of ivMP and
mycophenolate.
(Continued)
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Drugs Target Clinical outcomes Adverse events Ref
A prospective, non-randomized, AEs occurred in six of 261 patients: impaired
interventional case series suggested that liver function, and gastrointestinal
mycophenolate mofetil plus low-dose complications.
prednisolone can be introduced as a new (103)
optimal dosing regimen in TED because of
its better effect on chronic complications such
as proptosis and diplopia.

It resulted no effective for the treatment of (105)
patients with moderately severe TED.
A multicentre, double-blind, randomised The most common AEs were mild infections.
controlled trial suggested that, if tolerated,
azathioprine might improve 48 week clinical
Azathioprine inhibits purine synthesis outcomes in patients with active moderate-
to-severe TED. This finding supports the use (106)
of long- term antiproliferative treatments as
steroid-sparing therapies in combination with
systemic corticosteroids for the treatment of
active moderate-to-severe TED.
A single-blind, randomized clinical trial Side effects in the cyclosporine group were an
compared prednisone with cyclosporine increase of the mean blood pressure; rise of
showing that single-drug therapy with plasma creatinine concentration in one
Cyclosporine calcineurin prednisone is more effective than patient. The number of minor side effects (108)
cyclosporine in patients with severe TED. were similar between the two groups, while
A combined treatment can be effective in moderate and major adverse effect occurred
patients not responding to either drug alone. mainly during prednisone treatment.
A multicenter, double-masked, randomized, The majority of AEs were mild and resolved
placebo-controlled trial (NCT01868997) while the patients continued to receive the
showed clinical benefit of teprotumumab in intervention. Hyperglycemia, the only AE (123)
patients with active, moderate-to-severe TED, | clearly identified as related to teprotumumab.
that registered an improvement in proptosis,
CAS and QOL.
Most AE ild derate i ity;
A randomized, double-masked, placebo- o8 . S were mic or modera’e In severity
. . two serious events occurred in the
controlled, phase 3 multicenter trial OPTIC teprotumumab group, of which one (an
Study (NCT03298867) investigated teprof 0 group,
i X R K infusion reaction) led to treatment
teprotumumab in patients with active, . . .
discontinuation. (124)
moderate-to-severe TED. S )
. AEs of special interest were: potential
Teprotumumab resulted in better outcomes i K K
. . . . infusion-related reactions, muscle spasms,
with respect to proptosis, CAS, diplopia, and hyperalycemia. diarrhea. and hearin
QOL than placebo . P 'g 4 > ? J
impairment.
Teprotumumab IGF-1R AEs in the group of patients treated for the
An Open-Label Clinical Extension Study first time. All AEs were mild or moderate,
conducted in TED patients who previously such as: potential infusion reaction;
received placebo or who flared in the OPTIC | hyperglycemia; new-onset type 2 diabetes
study. The study showed that patients with mellitus; hearing impairment. No patients
long-standing TED responded similarly to experienced a serious AE. (125)
those treated in the early stages of the AEs in the group of re-treated patients. All
disease; those patients with an insufficient were mild and moderate, such as: potential
initial response or flare may benefit from infusion reactions; hearing impairment. No
additional teprotumumab therapy. AEs associated with hyperglycemia were
reported during treatment.
Th t fi tly mild t derat
Randomized double-masked, placebo- © mos req'uen ¥ mTc to moderate
o . . L reported AEs in the teprotumumab group
controlled trial in chronic/low disease activity .
L . were: muscle spasms; fatigue, headache, dry (126)
TED, showed significantly improved i i R K
L skin, eye pain and pruritus, Hbl1Ac increased
proptosis with respect to placebo. .
and hypertension.
A phase 2b/3, randomized, double-masked, The majority of AEs were either mild or
Linsitinib IGE-IR placebo-controlled study in act?ve, mod-erate moderate, such as: h)fperglycemia, diarrhea, (131)
to severe TED showed proptosis reduction as | headache, nausea, fatigue, ALT and AST
its primary endpoint. increase, hyperhidrosis, and muscle spasms.
. A randomized clinical trial with TED patients | Most AEs were mild or moderate. Increases
Batoclimab FcRn ) . . . (133)
showed a decrease of total circulating IgG in LDL-C levels were likely related to
(Continued)
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TABLE 3 Continued

Drugs Target Clinical outcomes Adverse events Ref
and TRAb, however CAS and proptosis were reductions in serum albumin, both reversible
not significantly improved after 12 weeks. following treatment discontinuation
A randomized, double-blind, placebo- Well tolerated, with mostly mild AEs.

controlled, parallel-group, multicenter trial in
patients with active, moderate-to-severe, non-
sight-threatening TED showed: 1) No
clinically meaningful changes were observed
Secukinumab IL-17A in ophthalmic symptoms and signs, (24)
proptosis, lid aperture, eye muscle motility,
CAS, and health-related QOL; 2) No
meaningful impact on serum levels of
thyroid-related hormones and antibodies was
observed

ADA, adalimumab; AE, adverse event; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BAFF, B-lympocyte-activating factor; CAS, clinical activity score; ETA, etanercept; GI,
gastrointestinal upset; GO-QOL, Graves' Ophthalmopathy Quality of Life; IFX, infliximab; IL, interleukin; ivMP, intravenous methylprednisolone; MMF, mycophenolate mofetil; RCT,
randomized clinical trial; RTX, rituximab; TCZ, tocilizumab; TED, thyroid eye disease; TNF, tumor necrosis factor; TRAb, Thyrotrophin receptor antibodies; TSI, thyroid stimulating inhibitor.

A recent review showed that tocilizumab is most effective in ~ [SatraGO-1 (NCT05987423) and SatraGO-2 (NCT06106828); re-
reducing TED inflammation during active TED, with a reduction in  spectively], with the hypothesis that it would reduce CAS.
CAS of >3 points and a relapse rate of 8.2% (70). Moreover, several The main risks observed are rash, arthralgia, a decrease in
studies showed its efficacy in reducing proptosis (70). A recent  neutrophil counts, and elevated liver enzymes (75-77).
meta-analysis has evaluated patients with steroid-resistant, active
TED treated with intravenous tocilizumab, showing CAS and
proptosis reduction, a diplopia response rate of 48%, and a

Tumor necrosis factor inhibitors

reactivation rate of only in 1% (71). However, one of the limitations

of studies of tocilizumab is the lack of a treatment-naive population; The important role of TNE-c. in inflammatory signaling has

indeed, most studies have evaluated the drug in patients who failed made its inhibitors, such as etanercept and infliximab, among the

previous therapy with GCs (37). first biologics explored in TED. These monoclonal antibodies

Moreover, a careful monitoring of TED patients receiving against TNF-a are able to reduce downstream cytokine production

treatment with tocilizumab needs to be done, as it can increase and leukocyte recruitment.

the risk of infections and laboratory abnormalities, such as elevated
liver enzymes and neutropenia.

A case report of a patient with TED and rheumatoid arthritis
treated with etanercept in combination with methotrexate showed

an improvement in TED symptoms (78).

Sarilumab Different studies have demonstrated the efficacy of infliximab

. . . . and etanercept in reducing inflammation in active TED patients

Another anti-IL-6 receptor Ab is Sarilumab; it was approved for . .
b fih 3 arthritis and polvmvaleia th a (72 resistant to steroid treatment (79-81).
t etreafmento rheumatol ar.t titis and polymyalgia heumatica (72). Another anti-TNF-o agent is adalimumab, which has demon-
Sarilumab has been studied (200 mg subcutaneously every 15 . . . . .
strated anti-inflammatory and steroid-sparing effects in patients

with TED (11, 82).
However, the efficacy of a single-cytokine TNF blockade is

days for 11 months) in an observational case-series abstract
involving five TED patients (active, moderate-severe TED). All
Patlents aChleV?d a.mean CAS. reduction .Of 3 }?omts,‘ along with limited, likely because of the redundancy of cytokine networks and
improvements in disease severity and antithyroid antibody levels
(37, 73).

Moreover, a retrospective study showed that sarilumab is an

the presence of multiple inflammatory pathways, and TNF inhib-
itors are not routinely recommended for GO.

effective and safe option for the treatment of low CAS TED,
reporting a significant reduction in CAS, thyroid-stimulating im-

munoglobulin levels, and an improvement in the baseline mean  B-cell dep[etion and indirect Cytokine

GO-quality-of-life (QOL) total score (74). m odulation
Satralizumab Rituximab
Satralizumab, a recombinant, humanized anti-IL-6 receptor Rituximab is a monoclonal antibody (chimeric murine/human)

monoclonal antibody, was approved for the treatment of  targeting the CD20 antigen on B cells, thereby inducing B-cell
neuromyelitis optica spectrum disorder (NMOSD). depletion. It was approved by the FDA for several diseases such as

Recently, satralizumab has been evaluated in patients with TED  granulomatosis with polyangiitis, rheumatoid arthritis, chronic
with active, moderate-to-severe, or chronic inactive disease in two  lymphocytic leukemia, and non-Hodgkin lymphoma, and has also
double-masked, placebo-controlled, multicenter phase 3 trials  been used as an off-label drug in different autoimmune diseases
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(43). Rituximab is not a cytokine inhibitor but indirectly modulates
cytokine networks by reducing cytokine release.

Hyperthyroid patients treated with rituximab in combination
with ATDs showed a significant reduction in TSAbs (83). The
efficacy of rituximab in GD is still under research, and a prospective
study in a small number of patients suggested a beneficial effect in
relapsing GD (84).

A multicenter phase 2 clinical trial of 27 patients with GD
evaluated rituximab (a single dose of 500 mg combined with ATDs
for 1 year), and after 2 years, 48% of patients achieved remission of
hyperthyroidism (85).

In a further study, rituximab was administered to 20 patients
with GD receiving short-term MMI therapy, and the outcomes were
compared with those of patients treated only with methimazole. In
the rituximab group, after 24 months, remission was observed in
40% of patients, particularly in patients with lower TRADb levels at
presentation (lower than 5 UI/L) (86). However, these results were
not confirmed by other studies (84, 86-88).

Rituximab has also been proposed for the treatment of TED.
However, randomized controlled trials evaluating rituximab in TED
have shown conflicting results. It showed superiority over intrave-
nous GCs in reducing disease activity, while in another study failed
to show a benefit over placebo (89, 90). These discrepancies may be
due to differences in patient selection criteria, disease duration, and
baseline activity. An early use of low-dose rituximab may be
effective in the amelioration of inflammatory activity in patients
with active TED resistant to steroids, thereby reducing the need for
systemic steroid administration (91, 92).

The most frequent adverse effects of rituximab registered in
RCTs for GD and TED were nausea, nasal stuffiness, throat itching,
and slight temperature elevation (84-88, 93), with rare cases of
ulcerative colitis, articular adverse events (94), and progressive
multifocal leukoencephalopathy (79, 95).

Janus kinases inhibitors

Janus kinase (JAK) inhibitors are a novel therapeutic class that
blocks JAK/STAT signaling, thereby interfering with several in-
flammatory pathways downstream of multiple cytokine receptors,
such as those for IFN-y, IL-6, and the common Y-chain cytokines.

Tofacitinib, a JAK1/3 inhibitor, was shown to improve inflam-
matory signs and symptoms in patients with refractory TED (96).
However, current evidence regarding JAK inhibitors in patients
with TED is limited to case reports and small series, thus controlled
clinical trials are needed.

Other immunomodulatory agents
affecting cytokines

Mycophenolate mofetil

Mycophenolate mofetil (MMF) is an ester of mycophenolic acid
(97) that inhibits de novo purine synthesis, leading to
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antiproliferative effects on T and B lymphocytes, suppression of
the cell-mediated immune response, and antibody formation.
Furthermore, MMF inhibits the recruitment of lymphocytes and
monocytes in the inflamed site and the expression of adhesion
molecules (98). MMEF is used as a second-line immunosuppressive
agent, particularly for the treatment of active TED and in moderate
to sight-threatening cases. Patients treated with MMF showed a
reduction in inflammation, with decreased TRAb and IL-6 levels,
improved QOL scores, and decreased CAS scores (99). Some
patients showed a long-sustained improvement even after 72
weeks of treatment (100). Mycophenolate mofetil is a relatively
safe drug, and its most common side effects, such as headaches,
difficulty sleeping, gastrointestinal symptoms, dizziness, rashes, and
tremors, are not severe and are easily manageable. However, the
most serious side effects are related to its immunosuppressive
properties, which weaken the immune system (101).

Some studies investigated the efficacy of the combination of
MMEF with systemic GC treatment with respect to conventional
treatment using only GCs. Patients also receiving MMF showed
more effective control of local inflammation. Moreover, a higher
incidence of adverse events was observed in those treated only with
corticosteroids than in other treatment groups (99, 100, 102, 103).
The MMF treatment of TED patients showed improved outcome
compared with prednisone, with fewer adverse effects (103). The
combination of MMF and GCs in TED treatment showed higher
clinical efficacy than GC treatment alone (101, 104).

Azathioprine, a cytostatic agent that inhibits purine synthesis,
was investigated in an earlier prospective study in patients with
TED, which showed no beneficial effects in severe TED (105). In a
recent RCT, azathioprine was administered together with oral
prednisolone, demonstrating improved outcomes compared with
patients treated with oral prednisolone alone. However, a large
number of patients withdrew from the study because of drug-
related adverse events (106).

A randomized, open-label, parallel-group clinical trial investi-
gated azathioprine as an adjuvant therapy to ATDs for moderate
and severe GD, showing that a combined therapy could be a
promising approach to achieve rapid TSH control and an effective
early reduction in TRADb levels (107).

Cyclosporine inhibits calcineurin, preventing the secretion of
IL-2 by CD4+ T lymphocytes and thereby interfering with the
expansion of lymphocyte clones. It is used to treat psoriasis,
rheumatoid arthritis, Crohn’s disease, and to prevent organ trans-
plant rejection. It is also used as eye drops in keratoconjunctivitis
sicca (1 mg/mL eye drops, emulsion) in the treatment of severe
keratitis in adult patients with dry eye syndrome (DES) who have
not improved despite the use of artificial tears.

A study showed that cyclosporine was only minimally effective
as a single agent in TED patients but suggested that it may have a
role in combination with GCs for patients not responding to GCs
alone (108, 109). Adverse effects associated with cyclosporine
include increased plasma creatinine levels and, more com-
monly, hypertension.

Therefore, the combination of non-specific immunosuppressants,
such as MMF, azathioprine, and cyclosporine, with steroid therapy
appears useful for achieving stable results in the long term. However,
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their efficacy is limited, and their use is restricted because of their
related toxicity profiles, including bone marrow suppression, neph-
rotoxicity, and hepatotoxicity (109).

Radiotherapy

Orbital radiotherapy is able to reduce inflammatory cell infil-
tration and cytokine production within orbital tissues through a
mechanism that is not yet completely understood. By modulating
local cytokine networks, orbital radiotherapy may enhance respon-
siveness to immunosuppressive therapies (110).

Cytokine-targeted therapies in Graves'
disease without ophthalmopathy

The current treatment of GD is based on the use of ATDs as the
first-line therapy for GD in Europe, whereas radioiodine is used
more commonly in the United States (111). MMI, carbimazole, and
propylthiouracil (PTU) block the synthesis of thyroid hormones by
inhibiting TPO. Propylthiouracil also blocks extrathyroidal
deiodination of T4 to T3. After MMI and PTU therapy is discon-
tinued, there is an elevated risk of recurrence (9). It is recommended
that patients treated with ATDs be monitored during treatment for
white cell counts and liver function tests (8, 112).

Over the past decades, patients with GD have been extensively
treated with radioiodine because it provides relief from the symp-
toms of hyperthyroidism within weeks; however, it can cause or
worsen ophthalmopathy. Thyroidectomy is generally the treatment
of choice for patients with GD who have a large goiter, nodular
thyroid disease, the presence of suspicious nodules, inadequate
response to ATDs, a preference to avoid radioiodine treatment,
and severe side effects of ATDs. It may also be performed during
pregnancy if necessary according to the above-mentioned points (8,
9). New treatments are under investigation, including drugs target-
ing CD40-CD40L, FcRn, BAFF, and HLA-DR3.

Iscalimab is an anti-CD40 monoclonal antibody inhibiting the
CD40-CD40L co-stimulatory signaling. CD40 (expressed on APCs)
binds to CD40L on the T-cell membrane, leading to a co-activation
pathway producing B-cell proliferation, germinal center formation,
and immunoglobulin class switching (16). Iscalimab was investi-
gated in an open-label trial involving 15 patients with GD and
untreated hyperthyroidism who received the drug over a 12-week
period (113). After 24 weeks of the last dose, 47% of patients
achieved euthyroidism, with relapse occurring in 4 of the 7
responders, and a decrease in circulating TRAD levels in all patients.
However, considering the small sample size, new clinical trials are
needed (113).

Belimumab, a monoclonal antibody that targets the B-lympocyte
activating factor (BAFF) (a humanized IgGl), is able to decrease B-
cell survival and proliferation (114). Patients with GD have showed
increased circulating BAFF levels, which were positively correlated
with circulating TRAbs (115). An in vivo study using a GD mouse
model showed that blocking BAFF mitigated hyperthyroidism (116),
suggesting the need for further clinical studies in GD patients.
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ATX-GD-59 is a peptide-based immunotherapy that includes
two soluble synthetic peptides derived from the human TSHR
sequence. ATX-GD-59 binds to HLA-DR molecules on the surface
of immature dendritic cells, reducing the activation of APCs (117).

An open-label phase I study with 10 GD patients investigated
ATX-GD-59; half of the treated patients achieved free triiodothy-
ronine levels within the reference range, and serum TRAb concen-
trations decreased over the course of the study (16, 118).

Therapeutic challenges and unmet
needs

Cytokine-targeted therapies in GD and TED have to face
different challenges, including the difficulty in defining optimal
treatment windows, disease heterogeneity, the lack of predictive
biomarkers, and concerns regarding long-term safety. Moreover,
targeting a single cytokine may be limited due to the redundancy
and plasticity of cytokine networks. More durable disease control
may be obtained by combining different therapies or through
upstream intervention.

Teprotumumab

As stated above, IGF-1R is overexpressed on OF and immune
cells in patients with TED. IGF-1R activation amplifies the inflam-
matory pathway in the orbital tissue by promoting the expression of
pro-inflammatory cytokines, such as IL-8 and IL-6, and by enhanc-
ing fibroblast proliferation and adipogenic differentiation. IGF-1R is
therefore a master regulator of cytokine-driven pathology in TED,
and its signaling leads to reduced activation of intracellular path-
ways such as PI3K/Akt and MAPK, which are involved in cytokine
transcription and fibroblast survival. Thus, inhibiting IGF-1R leads
to suppression of multiple cytokines involved in TED pathogene-
sis (8).

Teprotumumab is a fully human monoclonal antibody that
binds IGF-1R, disrupting the IGF-1R/TSHR signaling complexes
and thereby reducing downstream inflammatory and adipogenic
responses. Teprotumumab was first approved by the FDA in the
USA for the treatment of TED (119). It was later, in 2024, approved
in Japan and, in 2025, approved in the United Kingdom and Europe
(120-122).

Two randomized, double-blind, placebo-controlled trials, the
Phase 2 Trial TEDOIRV NCT01868997 (123) and the Phase 3 Trial
HZNP-TEP-301 (OPTIC Study) NCT03298867 (124), investigated
teprotumumab in patients with active, moderate-to-severe TED.
These studies showed the efficacy of teprotumumab in improving
CAS, proptosis, diplopia, and QOL of patients.

The reduction of proptosis observed with teprotumumab is
greater than that typically achieved with GCs or other immuno-
modulatory therapies, and the OPTIC-X extension showed a
sustained improvement in patients with relapsing or non-respon-
sive TED (89.2%). At follow-up (Week 48), a high percentage of
responders maintained their proptosis response (-3.5 + 1.7 mm),
CAS of 0 or 1, and diplopia response (125). Moreover, another RCT
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confirmed its efficacy in chronic TED, with mean proptosis im-
provement being greater in the teprotumumab group (-2.41) than
in the placebo group (-0.92), leading to an extension of the FDA
indication to include TED of any activity or duration (126).

Imaging and real-world data showed orbital volume reductions
(127) and dysthyroid optic neuropathy improvement in up to 88%
of cases (128). However, up to two-thirds of patients relapse within
one year; therefore, retreatment or combined treatment with
surgery could be needed (125, 127).

Teprotumumab showed an acceptable safety profile; however,
different adverse events may occur, including hyperglycemia, hear-
ing-related symptoms, muscle spasms, and gastrointestinal symp-
toms. Overall, the benefit-risk balance of teprotumumab is
favorable and has improved TED management; however, its opti-
mal application requires careful patient selection (29).

Currently, new molecules targeting IGF-1R, namely, veligrotug
and linsitinib, are under investigation (129-131).

Thyroid-stimulating hormone receptor
antagonists

A new promising targeted therapy for GD and TED is the
monoclonal antibody K1-70" against TSH-R (132). In a first
open-label phase I study involving 18 patients with GD, K1-70™
was associated with improvements in disease symptoms, including
better mental concentration and sleep, reduced tremor and urinary
urgency, and amelioration of TED manifestations, such as photo-
sensitivity and exophthalmos (133). A phase 1 dose-escalation study
evaluated K1-70" " in 12 patients with GD across four dose cohorts.
The treatment showed a favorable safety profile and a significant
reduction in TSAD levels across all cohorts, indicating effective
blockade of TSH receptor signaling. Improvement in proptosis was
reported in 50% of the eyes, indicating the potential of K1-70™ asa
therapeutic option for inactive TED (134).

Recently, a novel compound, SYD5115, was evaluated in vitro
and demonstrated nanomolar potency in blocking TSH-R in cells
overexpressing TSH-R (135).

Another study investigated a different approach by evaluating a
cyclotriazadisulfonamide compound (VGD040) that, in cell culture
of human thyrocytes, was able to inhibit the translocation of TSHR
from the endoplasmic reticulum to the cell membrane (136). In
animal models, this approach showed a decrease in T4 values in
response to TSH stimulation (137).

Emerging therapies targeting cytokine
pathways

FcRn inhibitors

FcRn protects IgG from lysosomal degradation, prolonging its
half-life. Therefore, FcRn inhibitors reduce circulating IgG levels,
decreasing autoantibody-mediated immune activation and repre-
senting a promising strategy for autoimmune diseases, including
GD and TED (138).
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Batoclimab is a human anti-neonatal Fc receptor (FcRn) mAb
that, by blocking FcRn-IgG interactions, leads to the degradation of
autoantibodies, including TRAbs. In a recent randomized clinical
trial, the effectiveness of batoclimab was studied in TED patients
(139) who were treated with a subcutaneous injection of the drug.
Patients showed decreases in total circulating IgG and TRAb;
however CAS and proptosis were not significantly improved after
12 weeks (139). These results are still preliminary; however, the
decrease in TRADs suggests its possible use in the management of
GD. Multicenter clinical trials of batoclimab in patients with GD are
currently ongoing.

IL-17 axis inhibitors

Vunakizumab (SHR-1314), an anti-IL-17A IgGl/k antibody
approved for the treatment of ankylosing spondylitis and psoriasis,
was evaluated in a TED trial but was discontinued early for
commercial reasons (140).

Another randomized, placebo-controlled, double-blind, paral-
lel-group, multicenter interventional study involving patients with
clinically active, moderate-to-severe TED (NCT04737330) investi-
gated secukinumab, a recombinant, high-affinity, fully human
monoclonal antibody that targets and blocks IL-17A. However,
the findings of this in vivo study showed that secukinumab did not
demonstrate clinical efficacy compared with placebo in the treat-
ment of moderate-to-severe TED (24). Therefore, despite several
findings suggesting an important involvement of IL-17A in TED,
the results of this study may indicate that the Th17 axis is less
dominant in the causal mechanism of TED than other mechanisms,
such as those related to B-cell-driven autoimmunity (24). However,
further studies are needed in larger cohorts of patients with TED.

Combination and sequential therapies

Future therapeutic strategies may involve combining agents that
target different aspects of the cytokine network or sequencing
therapies to address distinct disease phases.

The clinical management of TED is particularly challenging due
to its heterogeneity in presentation, unpredictable disease course,
and variable response to treatment. Glucocorticoids continue to be
recommended as first-line therapy; however, new therapies, includ-
ing biologics and immunosuppressants, are emerging for use in
steroid-refractory or steroid-intolerant cases (141).

Combining GCs with immunosuppressants has shown better
clinical results than GCs alone (99, 102, 103, 106, 108). However,
their efficacy is limited, and their use is restricted because of their
toxicity profiles, including bone marrow suppression, nephrotoxi-
city, and hepatotoxicity (109).

The mainstay of medical management for GD is ATDs and
betablockers; however, several new therapies are currently under
investigation. The immunosuppressant azathioprine has also been
investigated in GD combined with ATDs, showing promising
results for TSH control, reducing TRAD levels, and lowering the
relapse rate (107).

A randomized clinical trial in patients with GD evaluated the
combined treatment of low-dose MTX to MMI, which resulted in a
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higher discontinuation rate and a faster decrease in TRAb levels
than MMI alone (142, 143).

However, more studies are needed to evaluate the combination
of different drugs in TED and GD patients who have different
clinical profiles.

Comparative evaluation of therapeutic
agents in thyroid eye disease

The efficacy of high-dose intravenous GCs in the treatment of
TED has been investigated in several studies with varying results.
Responder patients have been reported with a prevalence ranging
from approximately 51% to approximately 89%, with a mean
responder rate across studies ranging between 70% and 80% (144,
145). GC treatment reduced CAS and inflammation in approxi-
mately 75% of patients but had only a slight effect on proptosis
reduction (approximately —-0,16 mm) (146), while improvement in
diplopia was observed in approximately 19% of patients (146). A
comparison of teprotumumab and corticosteroids reported in a
recent paper (146) showed that teprotumumab is more effective
than GCs in reducing proptosis (-2,31 mm) and improv-
ing diplopia.

Discordant results have been reported for rituximab. However,
one control study showed that it was able to reduce CAS similarly to
intravenous GCs, while another control study failed to demonstrate
a significant effect of rituximab (89, 90).

Recently, tocilizumab has been shown to reduce inflammation
in patients who did not respond to intravenous GCs, reducing
CAS (147).

Biomarker-guided precision medicine

Targeted, mechanism-based therapies are transforming TED
management, shifting treatment toward precision medicine.
However, the identification of molecular markers to predict ther-
apeutic response and guide the choice of biologics for personalized
treatment is a critical and challenging issue (148). To date, TSI/
TRADb are the most potent biomarkers available; with higher titers
associated with an increased risk of more severe TED and TED
relapse. However, the influence of high or rising TSI titers on
surgical timing remains questionable (149, 150).

The role of the chemokines CXCL9 and CXCL10 as markers of
TED activity and guides for therapeutic decision-making has been
investigated in many studies (62-64). In particular, it has been
shown that high levels of circulating CXCL10 are present in patients
with active TED compared with those with inactive disease (62).

Furthermore, a significant reduction in CXCL10 and CXCL9
chemokines has been observed in patients with TED treated with
corticosteroids and teleradiotherapy. The authors suggested that the
concentrations of these Thl-dependent chemokines can reflect, at
least in part, the activity of orbital inflammation and can be used to
guide therapeutic decision-making in patients with TED (63).

A subsequent prospective study observed sustained decreases in
serum CXCL10 levels in patients with TED after intravenous
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methylprednisolone treatment, and this decrease was associated
with the clinical response to treatment. In contrast, other cytokines
and chemokines (such as IL-4, IL-13, and 1I-6) did not change after
therapy, suggesting that CXCL10 can be used to evaluate the clinical
response in these patients (64).

Furthermore, patients with newly diagnosed and relapsing GD
have elevated CXCL10 levels, thus identifying the active phase of the
disease (57). In GD, hyperthyroidism is associated with elevated
Thl chemokines, which are reduced by MM], resulting in a shift
toward a Th2 immune profile (58). Moreover, CXCL10 levels
decrease after radioiodine ablation or thyroidectomy, indicating
that the thyroid is the main source (59). CXCL10 polymorphisms
are associated with disease severity, and persistently high levels may
predict a lack of remission (60, 61).

A recent study investigated the metabolic profile of untreated
patients with GD, demonstrating dysregulation within the metab-
olism of lipid and organic acid and identifying some metabolites
such as diaminopimelic acid, N-phenethylacetamide, and Gly-Val
as promising serum biomarkers for the diagnosis of GD (151).

Another study investigated a hypoxia biomarker-based diag-
nostic model for TED. Machine-learning algorithms identified
critical hypoxia-related TED diagnostic genes that were associated
with elevated TRAD levels, abnormal fT4, and higher infiltration by
activated CD4+T cells and natural killer cells in patients with
TED (152).

Recently, circulating levels of mediators involved in the fibrotic
and inflammatory processes of TED, such as plasminogen activator
inhibitor- 1 (PAI-1), TGF-B, and IGF-1R, were investigated in
patients with different severities of TED, in patients with GD
without TED, and in controls. PAI-1 appeared to have potential
prognostic relevance for TED therapeutic stratification; reduced
TGF-f levels were associated with clinical improvement, whereas
elevated post-treatment PAI-1 levels were related to refractory
diplopia, indicating a possible role in monitoring fibrotic extraoc-
ular muscle remodeling (153).

The role of extracellular vesicles (EVs) in immune regulation
and tissue remodeling in autoimmune diseases has recently
emerged. EVs have been shown to be actively involved in GD and
TED, indicating their possible role as diagnostic and prognostic
markers (154, 155).

A retrospective study identified 25-hydroxy vitamin D as an
independent predictor of intravenous GC response in TED. An
increase of 25-hydroxy vitamin D during therapy may be associated
with improved treatment outcomes, particularly in male, elderly,
and vitamin D-deficient patients (156).

A recent study measured serum levels of free fatty acids in
patients with TED, demonstrating reduced levels of anti-inflamma-
tory fatty acids. The authors showed that the eicosapentaenoic acid/
arachidonic acid ratio may represent a solid, independent bio-
marker for TED activity, clinical assessment, and treatment selec-
tion (157).

Tear samples from patients with TED have also undergone
lipidomic analysis. Among all lipids investigated, four were selected,
showing good predictive ability for TED activity. These lipids were
significantly correlated with blood lipid indicators, the degree of
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exophthalmos, the Schirmer I test, and the area of the foveal
avascular zone of the retina (158).

Future research directions

Current treatment of GD emphasizes thyroid-preserving strat-
egies with long-term ATDs therapy. Future therapies will be
increasingly focused on the immunological mechanisms of the
disease; novel immunotherapies targeting the TRAD life cycle,
such as those aimed at reducing their production, enhancing their
clearance, or impairing their target, are under clinical evalua-
tion (137).

The therapeutic landscape of TED is also rapidly evolving with
advances in the understanding of autoimmune mechanisms and the
emergence of targeted biologics that have reshaped treatment
strategies. Whereas corticosteroids primarily reduce inflammation,
teprotumumab effectively improves proptosis and diplopia,
tocilizumab reduces both inflammation and proptosis, and
rituximab has been associated with early disease inactivation and
reduced relapse rates (148, 159).

The ETA/ATA consensus on the management of TED (160)
suggests choosing therapy based on the efficacy of a specific drug on
the dominant clinical feature of the disease in an individual patient,
rather than following a first-line/second-line approach. This strat-
egy may gain importance as emerging therapies advance through
clinical trials and combination regimens are considered (159).

Extended follow-up studies of currently investigated therapies
may help define the durability of response and late treatment-
related events and evaluate combined treatments or the addition of
short courses of corticosteroids during acute phases (148).

Another issue that must be addressed is the clinical heteroge-
neity of TED, including variability across racial and ethnic groups.
For example, patients of Asian ancestry more frequently exhibit
difference in CAS and proptosis that can influence risk stratifica-
tion, diagnostic sensitivity, and treatment selection.

Moreover, despite the availability of new emerging therapies,
20%-30% of patients with TED still require additional surgical
intervention due to an inadequate or partial response to optimal
medical management.

Future research may provide a deeper understanding of TED
pathogenesis, including conjunctival vascular alterations and
multiomics-based phenotyping integrating racial and anatomical
factors, thereby enabling more personalized treatment strate-
gies (161).

Furthermore, another critical point is access to new biological
treatments, which remains unaffordable and inconsistent in many
global regions. Lower-cost IGF-1R biosimilars are emerging in some
countries, including China. If biologics are unavailable, steroids,
conventional immunosuppressants, radiotherapy, and surgery
remain effective options. International guidelines should take into
account local realities and validated non-biologic pathways (149).

In the future, new technology based on artificial intelligence will
enhance the diagnosis, treatment, and monitoring of these diseases.
Currently, deep-learning models have been shown to differentiate
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GD from thyroiditis, predict relapse after ATDs withdrawal, and
assess disease severity and treatment response in TED. Although
this technological advancement may enable more personalized care,
its clinical utility remains limited because of the lack of prospective
validation, data standardization, and regulatory approval (137).
However, the best treatment remains prevention whenever
possible, including smoking cessation and early recognition of
disease. Additional research is needed to determine whether opti-
mizing vitamin D levels, reducing exposure to air pollution and
endocrine disruptors, managing stress, and adhering to a
Mediterranean dietary pattern can provide protective benefits (149).

Conclusions

The role of cytokines is central in the inflammatory process of
GD and TED, and drugs targeting cytokines allow a more precise
intervention than traditional therapies, which primarily provide
symptomatic control. Cytokine-targeted therapies have revolution-
ized TED management, whereas their role in GD remains limited.
Nevertheless, new insights obtained from TED research may aid in
future strategies to prevent extrathyroidal manifestations or modify
the disease course. Conventional therapies may be combined with
new therapies aimed at targeting upstream immune pathways
regulating cytokine networks, such as teprotumumab, thereby
providing substantial clinical benefits. However, several questions
remain unanswered, such as the identification of optimal treatment
windows for different therapeutic targets, whether biomarkers can
guide treatment selection, how long-term safety can be ensured with
chronic or repeated biologic therapy, and whether combined
therapy can improve outcomes without unacceptable toxicity.
Overall, the management of both GD and TED requires multidis-
ciplinary collaboration among specialists in endocrinology, immu-
nology, and ophthalmology, and new advancements in the
management of these disorders will likely arise from ongoing
research into cytokine biology, therapeutic targets, and pa-
tient stratification.
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