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Abstract

Autoimmune thyroid diseases (AITDs) represent T cell-mediated, organ-specific autoim-
mune disorders caused by immune dysregulation, culminating in an immune-mediated
attack on thyroid tissue. AITD etiopathogenesis is the result of the interplay between
a genetic susceptibility and environmental factors; hypothyroidism and thyrotoxicosis
are the respective clinical hallmarks of autoimmune thyroiditis and Graves’disease, the
two main forms of AITD. The application of nanomedicine in the context of thyroid dis-
orders ranges from nanodiagnosis and nanotherapy to nanotheranostics. Nanomedicine
has been used to develop new sensitive methods for the determination of the TSH, iodine
and TSAb. Furthermore, other studies have used nanomedicine to explore new treatments
of autoimmune thyroiditis, Graves’disease and also thyroid eye disease. In the future, the
application of nanomedicine will be personalized in accordance with individual genetic
profiles, thus improving the therapeutic effectiveness and reducing the undesirable side
effects with improved patient outcomes.

Keywords: nanoparticles; thyroid autoimmunity; nanodiagnosis; nanotherapy; autoimmune
thyroiditis; Graves’ disease; thyroid eye disease

1. Introduction

The nanoparticles (NPs) are those materials whose dimensions are in the nanoscale
range (1-100 nm) [1,2]. They are classified as inorganic, carbon-based, or organic, and are
further differentiated in metallic, ceramic, polymeric, and lipid-based, according to their
specific characteristics, size and shape [3,4].

Inorganic NPs can be synthesized from semiconductors, ceramics, or magnetic metals
and represent one of the most commercially used common NP classes, particularly for
anticancer, antioxidant and antibacterial purposes [3,5].

Organic NPs are made of proteins, lipids, polymers, and carbohydrates; they exhibit
low toxicity and are biodegradable. Thanks to these characteristics, organic NPs are

J. Clin. Med. 2026, 15, 1428

https://doi.org/10.3390 /jcm15041428


https://crossmark.crossref.org/dialog?doi=10.3390/jcm15041428&domain=pdf&date_stamp=2026-02-12
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0009-0004-5630-3956
https://orcid.org/0000-0002-5211-6342
https://doi.org/10.3390/jcm15041428

J. Clin. Med. 2026, 15, 1428

2of 16

widely used with many different approaches, such as targeted drug delivery, bioimaging,
cancer therapy, and biosensing [6]. Among organic NPs, lipid-based systems are the most
extensively studied and widely used for the delivery of immunotherapeutic agents [7].
These systems include liposomes, lipid NPs, solid lipid NPs, nanostructured lipid carriers,
nano-emulsions, and hybrid lipid NPs [8,9].

Carbon-based NPs, including graphene, fullerenes, and carbon black NPs, exhibit high
chemical stability, superior thermal and electrical conductivity, strong optical absorption,
and luminescence [10], which allow their use in biosensing, drug delivery, and cancer
and cell therapies, as well as in in vivo, in vitro, and optical imaging [11]. These different
properties enable NPs to be employed in multiple applications, such as catalysis, imaging,
biomedical and energy-associated research, and environmental applications [12].

NPs hold an immense potential for cancer diagnosis and therapy; when they enter into
contact with biological fluid, such as blood, they interact with biomolecules and acquire
a biomolecular shell. This shell is called biomolecular corona, whose composition depends
on several factors, including the features of NPs, the characteristics of biological fluids
(e.g., protein origin and concentration, temperature), and the time of incubation [13-21].
Moreover, the multifunctionality and tailorability of NPs make them excellent as drug
delivery systems. Therefore, the field of nanomedicine allows significant opportunities for
therapeutics and diagnostic applications.

We have conducted a narrative review by reviewing the scientific literature about
NPs in thyroid autoimmunity. We have searched on PubMed for the literature about NPs
in thyroid autoimmunity by using keywords such as “nanoparticles in autoimmunity”,
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“nanoparticles in autoimmune thyroid diseases”, “nanoparticles in thyroid autoimmunity”,
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“nanoparticles in Graves’ disease”, “nanoparticles in hypothyroidism”, “nanoparticles in
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thyroid eye disease”, “nanoparticles in hyperthyroidism”, “nanoparticles in autoimmune
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thyroiditis”, “nanoparticles in Graves” ophthalmopathy”.

1.1. Nanoparticles Immunomodulation

A therapeutic approach against autoimmune diseases, or cancer and other inflammatory-
related disorders, exploits immunomodulation, which allows one to intentionally activate
or inhibit the immune system.

In this scenario, NPs can be useful for a specific targeted stimulation of the immune sys-
tem by delivering immune checkpoint inhibitors (ICIs), antigens, or cytokines to modulate
the immune responses [22-26].

Cytokine-loaded NPs have been shown to activate T and NK cells in the tumoral
microenvironment, while minimizing effects on healthy tissues [27].

NPs can also encapsulate chemotherapeutic drugs and ICIs, such as anti-PD-1, a hu-
manized IgG4 monoclonal antibody which exhibits immune checkpoint inhibitory and
anticancer properties, as well as anti-CTLA-4 antibodies, another class of ICIs applied in
cancer therapy [28].

By targeting tumors and modulating the immune checkpoints, NPs are able to enhance
the efficacy of immunotherapy, offering a promising therapeutic option for patients who
do not respond to conventional therapies.

1.2. Nanoparticles in Autoimmune Disease

Autoimmune diseases are a consequence of the immune system dysregulation result-
ing in the attack of the body instead of providing protection [29].

This leads to chronic inflammation and tissue damage, as seen in different autoimmune
diseases, such as Graves’disease (GD), Hashimoto’s thyroiditis (HT), type 1 diabetes (T1D),
rheumatoid arthritis (RA), inflammatory bowel disease, multiple sclerosis, and others [30].
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Immunosuppressants are widely used to treat autoimmune diseases, but they may
increase the risk of infections and other adverse effects [31].

New immunological approaches are exploiting the use of specific therapy such as
monoclonal antibodies (mAbs) with limited systemic effects. However, therapies based
on mAbs also report several disadvantages, such as antibody immunogenicity’s ability to
render subsequent therapies ineffective or to be associated with toxicities (anti-IL-6R) and
with susceptibility to infectious diseases [32].

The novel NPs can preserve the immune functions by promoting antigen-specific
tolerance, and can improve the effect of a targeted therapy by delivering the drugs directly
in the specific inflamed site. Moreover, the specific anti-inflammatory response can be
modulated with designed multi-functional NPs able to respond to environmental stimuli
inhibiting and/or promoting inflammation [33].

In preclinical models, a delayed onset of RA has been observed by using hybrid
NPs that co-target B and T cells. This approach reduces autoantibody production and
promotes the immune suppression of the regulatory T cell (Treg), with no impact on
healthy tissues [34,35].

Similarly, other NPs have been synthesized to selectively target inflammation-activated
macrophages overexpressing folate receptors [36]; in RA rat models, this results in an impor-
tant reduction in paw volume, ankle swelling, bone resorption and cartilage damage [37].

It is also noteworthy that NPs can be engineered to respond to specific stimuli, enabling
activity only under pathological conditions. In fact, the tumor microenvironment has
unique characteristics, such as hypoxia, acidic pH (6.5-6.8), and upregulation of specific
enzymes [38]. A specific response to disease-associated triggers allows NPs to localize
to the areas where they are most needed, thereby improving effectiveness and reducing
side effects [39].

1.3. Different Strategies for Nanotherapy in Autoimmunity
(@) Antigen target

As reported above, autoimmune diseases are a consequence of a breakdown of
immune tolerance to self-antigens; therefore, antigen-specific treatments can be de-
veloped to selectively eliminate the autoimmune responses while maintaining the
protective immune responses [40].

Approaches involve the targeted elimination of autoreactive lymphocytes, tolerization
of autoreactive T cells, and active elimination of autoimmune responses. Along with
vaccines, cell-based therapies, and gene-editing strategies, NPs represent some of the most
promising tools for these purposes.

NPs can be designed to encapsulate immunomodulatory agents such as small
molecules, peptides, nucleic acids, or biologics, and can be subsequently directed to antigen-
presenting cells (APCs) through surface modifications or passive uptake, facilitating the
transfer of the therapeutic payload precisely to immune cells [41].

Moreover, antigens can be combined with modulators of co-stimulation or immune
response, such as immunomodulatory small molecules, cytokines, or other biologic compo-
nents. Lipid-based or liposome NPs can encapsulate lipophilic immunomodulatory agents
and be functionalized to target a tolerogenic environment, or to specific APCs via receptor-
specific ligands or antibodies. Biodegradable drug delivery particles are preferred thanks
to their safety profile and for their ability to enable localized or targeted drug delivery.
In contrast, metal NPs, e.g., iron or gold, may be associated with toxicities or allergy. Im-
munomodulatory agents encompass NF-«B and /or mTOR inhibitors, including rapamycin,
calcitriol, the aryl-hydrocarbon receptor (AhR) ligand 2-(1'H-indole-3-carbonyl)-thiazole-4-
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carboxylic acid methyl ester, curcumin and TGF-31, as well as co-inhibitory molecules that
are able to stimulate regulatory T cells, like PD-L1 [42].

Antigen-specific therapy is a promising approach for autoimmune disorders treatment;
nevertheless, several challenges persist, such as choosing the most suitable antigen, the
optimal administration strategy and timing, and identifying the diseases in which these
therapies are most beneficial.

A double-blind study for celiac disease has investigated the use of poly (dl-lactide-co-
glycolic acid) (PLGA) to encapsulate gluten protein to achieve targeted gluten tolerance [43],
showing that this technology could be a promising approach in comparison with other
conventional treatments [44].

(b) Immunomodulator delivery

An innovative approach for treating autoimmune diseases utilizes mRNA-lipid NPs.
This platform allows a variety of therapeutic strategies, such as targeted modulation of
immune cells, antigen-specific tolerizing immunotherapy, and in vivo chimeric antigen
receptor (CAR) T cell therapies [45].

Naked mRNA is highly vulnerable to nuclease degradation during its systemic transfer
en route to the target site. Lipid NPs can therefore act as vehicles to enable precise, efficient
and safe mRNA administration while supporting durable immune responses [46—48].

Clinical trials involving exosome-mimetic NPs (EMNPs) are emerging, with most
studies focusing on their diagnostic and therapeutic potential in inflammatory conditions.

A phase I/1I clinical trial is investigating EMNDPs loaded with anti-inflammatory
miRNAs for the treatment of inflammatory bowel disease [49]; in addition, another study is
exploring EMNPs delivering IL-10 mRNA to macrophages in Crohn’s disease patients [50].
EMNPs delivering tolerogenic myelin oligodendrocyte glycoprotein (MOG) peptides are
under evaluation in a phase I trial for patients with multiple sclerosis [44].

NPs can serve as controlled drug delivery platforms, allowing precise spatial and
temporal dosing to promote antigen-specific tolerance in autoimmune diseases. Controlled
immunomodulation through these systems enables targeted, localized immune regulation
in chronic conditions, reducing off-target effects, enhancing therapeutic efficacy, and reduc-
ing toxicities [51]. A spatiotemporally controlled release can be obtained through systems
that leverage pH, reactive oxygen species (ROS), or enzyme-responsive mechanisms, for
example, by confining TNF-a siRNA release to inflamed joints in RA [52].

Several clinical studies on RA and SLE patients are evaluating NPs combined with
different drugs (such as methotrexate (MTX) or dexamethasone) and engineered to respond
to specific stimuli (ROS, pH) [44,53-55].

(c) Checkpoint regulation/modulation of co-inhibitory signaling

The PD-1/PD-L1 immune checkpoint plays a central role in maintaining peripheral
tolerance by inhibiting autoreactive T cells. Unlike traditional therapies like mAbs or
checkpoint ligands, nanocarrier-based approaches, ranging from liposomes or lipid NPs to
polymeric NPs, biomimetic cell membrane-coated vehicles and extracellular vesicles (EVs),
allow localized and controlled activation of immune checkpoints for targeted delivery of
PD-1/PD-L1 agonists.

These strategies allow the combined delivery of tolerogenic agents and optimize
biodistribution while reducing toxicity at systemic levels [56]. Polymeric NPs can function
as versatile platforms, capable of delivering PD-1/PD-L1-activating molecules or presenting
PD-L1 ligands on their surface to inflamed tissues.

A novel strategy involves hybrid NPs co-loaded with MTX and surface-functionalized
with recombinant PD-L1. These NPs can selectively inhibit CD4+ and CD8+ T cells by
binding PD-1 on their surface, while promoting Treg production [57]. Moreover, MTX helps
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in reducing systemic inflammation and lymphocyte activation. Recent studies are also in-
vestigating liposomal systems for the co-delivery of PD-1 pathway activators together with
other immune-modulatory peptides or RNAs [58], such as liposomes loaded with siRNAs
targeting PD-L1-suppressive miRNAs in dendritic cells (DCs), resulting in upregulating
endogenous PD-L1 expression on DCs within target tissues.

2. Thyroid Autoimmunity
2.1. Autoimmune Thyroid Disorders

Autoimmune thyroid diseases (AITDs) represent T cell-mediated, organ-specific
autoimmune disorders caused by immune dysregulation, culminating in an immune-
mediated attack on thyroid tissue. AITD etiopathogenesis is the result of the interplay
between a genetic susceptibility and environmental factors; hypothyroidism and thyrotox-
icosis are the respective clinical hallmarks of autoimmune thyroiditis (AT) and GD, the
two main forms of AITD [59,60].

Diffuse lymphocytic infiltration of the thyroid, mainly composed of thyroid-specific
T and B cells, together with elevated serum levels of autoantibodies against one or more
thyroid antigens, are hallmark features of both AT and GD [61-63]. Thyroid follicular
cell atrophy and fibrosis are key characteristics of thyroiditis, whereas the hypertrophied
thyroid follicles are found in GD [64]. Nonetheless, AITD can develop even without
detectable circulating antithyroid autoantibodies [65].

Cytokines and chemokines play a central role in the pathogenesis of AT and GD. In
thyroid tissue, Th1 lymphocytes promote IFN-y and TNF-o production, which in turn
stimulates CXCL10 secretion by thyroid cells [59]. Mainly CXCL10, the prototype IFN-y—
inducible T helper 1 (Th1) chemokine, contributes to the initiation and perpetuation of
the autoimmune process. It has been hypothesized that CXCL10 is a marker of a more
aggressive inflammatory response in the thyroid, leading to lymphocyte infiltration, thyroid
destruction and hypothyroidism. CXCL10 acts by binding with the chemokine (C-X-C
motif) receptor 3 (CXCR3) [66] and is involved in the development of various autoimmune
disorders, including organ-specific T1D, GD, and thyroid eye disease (TED), as well as
systemic lupus erythematosus, Sjogren’s syndrome, mixed cryoglobulinemia, psoriasis,
sarcoidosis, and systemic sclerosis [67-72]. Patients with AT have elevated circulating
CXCL10 levels, especially in combination with a hypoechoic ultrasonographic pattern,
indicative of more pronounced lympho-monocytic infiltration, as well as in patients with
hypothyroidism [73]. Moreover, CXCL10 also plays a role in the development of GD and
TED; so, under the stimulation of IFN-y, CXCL10 is produced by thyrocytes in GD, as well
as by fibroblasts and preadipocytes in TED [74-76].

2.2. Nanoparticles in Thyroid Autoimmunity

Thyroid diseases, including HT and hypothyroidism, GD and hyperthyroidism,
are considered among the most prevalent autoimmune endocrine disorders that re-
main diagnostically challenging. Recently, many innovations in nanomedicine, such as
nanotechnology-based rapid and portable diagnostic devices and targeted delivery of
pharmaceutics for thyroid disorders, have shown significant promise [77]. The applica-
tion of nanomedicine in the context of thyroid disorders ranges from nanodiagnosis and
nanotherapy to nanotheranostics (Table 1).
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Table 1. Nanoparticles in thyroid autoimmunity.

Studies

References

Nanoparticles for diagnosis of thyroid dysfunction

A super-sensitive immunoassay for TSH
detection (NPs labels, with a detection limit of
60 nU L—1 in serum samples).

Naireoja T et al. [78]

Nanotechnology biosensor developed to
measure iodine levels in urine samples for
detection of various disorders from iodine
imbalance, including hyperthyroidism.

Ibrahim NH et al. [79]

Detection of serum Ca2* levels using
calsequestrin-functionalized gold NPs.

Kim S et al. [80]

Detection of TSAb with NPs expressing
recombinant hTSHR on lipid-bilayer surface
from a magnetostatic bacterium.

Sugamata Y et al. [81]

Nanoparticles for the treatment of hypothyroidism

A dual-delivery system releases
Cepharanthine and Selenium for
hypothyroidism treatment.

Kutlu Kaya C et al. [82]

CTLA4Ig/silica-NPs employed for the
treatment of experimentally induced canine
autoimmune thyroiditis.

Choi EW et al. [83]

Nanoparticles in Graves’ disease

PLGA-based NP encapsulating
(TSHR-A+rapamycin) as DC-targeted
therapies to induce antigen-specific immune
tolerance.

Chen K et al. [84]

PSAPI containing a phase-transition material,
perfluorohexane, and the anti-inflammatory
drug diclofenac within a PLGA and silica shell
to enhance high-intensity focused ultrasound
efficacy and improve therapeutic outcomes for
GD.

Wang B et al. [85]

Nanoparticles in Thyroid Eye Disease

CNPs suppress the generation of ROS by OF,
and down-regulated the expression of fibrosis
markers.

Wang BW et al. [86]

Evaluation of tear exosomes in TED patients.
The number of exosomes and the levels of
exosomal proteins (e.g., vitamin D-binding
protein, chi-tinase 3-like 1, C-reactive protein
and vascular cell adhesion molecule-1) were
significantly increased in patients with TED
with respect to controls.

Han JS et al. [87]

Evaluation of tear exosomes in TED patients.
IL-1 and IL-18 levels were significantly higher
both in serum and tear exosomes from TED
patients in comparison with GD or healthy
controls. Also, other proteins (complement
C4A, APOA-IV and Caspase-3) were higher in
exosomes derived from TED in comparison
with GD and controls.

Shi TT et al. [88]

Investigation of dual-responsive Selenium NPs
(Se@LNT) modified with lentinan, and
designed for ROS/pH-triggered release, in
human primary OF, and evaluation of its

therapeutic mechanism in TED mouse models.

Se@LNT represents the first nanotherapeutic
strategy targeting MAMs for TED by
modulating the disease progression at the
subcellular level.

Tan Y et al. [89]

Abbreviations: CNPs: Cerium oxide NPs; hTSHR: human thyrotropin receptor (TSHR); MAMs: mitochondria-
associated endoplasmic reticulum membranes; NPs: nanoparticles; OF: orbital fibroblast; PLGA: Polylactic-co-
glycolic acid; PSAPI: thyroid-targeted nano-bomb system; ROS: reactive oxygen species; TSAb: TSH receptor
stimulating autoantibodies; TSH: thyrotropin.
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(a) Nanoparticles for diagnosis of thyroid dysfunction

The thyroid-stimulating hormone (TSH) is a biomarker of thyroid function, that is used
widely for monitoring thyroid function, as well as for the evaluation of therapeutic efficacy
and to assess the medication dosing. TSH measurements are particularly susceptible
to immunoassay interference caused by autoantibodies present in the sample matrix.
Therefore, new immunoassays with a higher precision and sensitivity are under evaluation,
such as those utilizing NPs.

A super-sensitive TSH immunoassay was developed by Nareoja et al., by using NP
labels, with a detection limit of 60 nU L—1 in serum samples, while minimizing non-specific
binding [78]. This assay reported an enhanced sensitivity attributed to the stabilization of
the protein corona of the NP bioconjugates and to a spot-coated configuration of the active
solid phase. This effect minimized the sedimentation of the NP bioconjugates and reduced
their time of contact with antibody-coated solid phase, exploiting simultaneously the higher
association rate of specific binding provided by the high avidity NP bioconjugates [78].

Iodine is essential for thyroid hormone biosynthesis and plays a fundamental role
in fetal nervous system development [90]. In this context, a nanotechnology biosensor
was developed to measure the iodine levels in urine samples. This methodology was
demonstrated to be fast, specific, and sensitive, capable of detecting various disorders
resulting from iodine imbalance, including hyperthyroidism [79].

Hypercalcemia, resulting from hyperthyroidism, may contribute to dementia, muscle
weakness and osteoporosis. To address this, a bioinspired gold NP-based sensing system
was designed, by using calsequestrin, the main diffuse calcium-binding protein, to detect
abnormal serum Ca2+levels, offering a potential promising tool for the detection and
monitoring of hyperthyroidism [80].

Other studies explored the use of NPs for the detection of autoantibodies to TSH
receptor stimulating autoantiodies (TSAbs), that are pathognomonic for the diagnosis of
GD. Sugamata et al. showed a system in which recombinant hTSHR was expressed on
magnetic NPs’ lipid-bilayer surface obtained from a magnetostatic bacterium. This system
proved to be helpful for the analysis of the interaction between ligand and receptor or for
TSAb immunoassay in patients with GD [81].

(b) Nanoparticles in thyroiditis and for the treatment of hypothyroidism

The etiopathogenesis of AITD is the result of the combination of genetic predisposition,
environmental factor interaction, and oxidative stress. In this context, because of the
antioxidant properties of selenoproteins, a Selenium supplementation could be useful for
both AT and GD disorders [91]. Selenium NPs (SeNPs) are very promising due to their high
permeability and low or no toxicity, and they could be successfully used in the targeted
delivery of drugs, such as anti-inflammatory or anticancer agents [92]. SeNPs enter into
cells through endocytosis and are able to deliver differently charged macromolecules and
antitumor agents at a nanoscale [93].

A dual-action polymeric system was developed for the treatment of hypothyroidism.
The system releases Cepharanthine to inhibit T cell activation and Selenium to reduce
anti-thyroid peroxidase (TPOAD) levels, thereby providing a treatment for hypothyroidism.
The dual-delivery system was shown to be effective for the long-term treatment of hypothy-
roidism and is able to target both the autoimmune response and hormone regulation [82].

A therapeutic approach using CTLA4Ig/silica-NPs was employed for the treatment
of experimentally induced canine autoimmune thyroiditis [83]. The authors reported
a marked reduction in anti-canine-thyroglobulin autoantibody titer, anti-T4 antibody titer
and T cell proliferation in response to thyroglobulin, as well a reduction in interleukin-18
mRNA in freshly peripheral blood mononuclear cells (PBMCs) obtained from dogs. They
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also demonstrated an important reduction in INF-y or TNF-o cytokine levels in cultured
PBMCs. CTLA4Ig appeared to restore Th1/Th2 cytokine balance in autoimmune thyroiditis
through the downregulation of Th1 cytokines [83].

() Nanoparticles in Graves’disease

In GD, antigen presentation is dysregulated, with a reduction in tolerogenic DCs and
abnormal expression of MHC class II by non-professional follicular cells [42,94-96]. The
immune response is characterized by an early Thl-immune predominance that shifted
to a chronic Th2-immune predominance [97]. Immunosuppressive therapies, including
glucocorticoids, azathioprine, rituximab, cyclosporine and tocilizumab have been studied
in GD—however, with a constrained use due to their significant related adverse effects [98].

GD represents a promising model for tolerogenic antigen-specific immunotherapy
(ASI). The regulation of the autoimmune response could maintain the integrity of thyroid
endocrine function and achieve long-term remission. Nevertheless, thyrotropin receptor
(TSHR) antigenic epitopes responsible for GD development are still not completely under-
stood. A phase 1 trial studied ATX-GD-59, an antigen-specific immunotherapy with a com-
bination of two TSHR peptides. This open-label, uncontrolled study enrolled 12 patients
with HLA-DR3 or DR4, from mild to moderate GD, not previously treated with anti-thyroid
drugs, and administered escalating intradermal doses of ATX-GD-59 [99]. The treatment
was well-tolerated, and at the end of the study, 7 out of 10 participants reported improved
thyroid function, 5 out of 10 reduced antibody levels, 8 out of 10 remained subclinically
hyperthyroid, and 2 required anti-thyroid therapy. However, in the absence of a control
group, the clinical relevance is uncertain, as spontaneous remission occurs in 10-25% of
cases [100]. This study highlights the potential of ASI in GD and opens the way for future
antigen-specific immunotherapy strategies.

DC-targeted therapies aimed at inducing antigen-specific immune tolerance represent
a promising strategy for GD. Polylactic-co-glycolic acid (PLGA) NPs were developed to
encapsulate the GD autoantigen TSHR-A peptide, together with the immune tolerance
inducer rapamycin. This construct was proved to be efficiently internalized by DCs in
in vitro studies, whereas in in vivo studies it was observed to be accumulated in the mice
spleens. The NPs inhibit maturation of DCs in vitro and in vivo and also modulate the
secretion of cellular functional factors from DCs. Furthermore, they lead to the proliferation
of Treg cells in vivo and in vitro. In addition, NPs were able to prevent and mitigate disease
progression in mouse models without adverse side effects at the organ level. Therefore,
PLGA-based NP encapsulating (TSHR-A+rapamycin) represents a promising DC-targeted
method in order to modulate immune response for a new potential therapeutic approach
to GD [84].

A thyroid-targeted nano-bomb system (PSAPI) was designed to enhance high-intensity
focused ultrasound (HIFU) efficacy and improve therapeutic outcomes for GD. The
core structure of PSAPI contains a phase-transition material, perfluorohexane, and the
anti-inflammatory drug diclofenac within a PLGA and silica shell. The presence of the
polydopamine coating improves biocompatibility, while iodine incorporation and TRAB
antibody functionalization allows the targeted delivery to the thyroid. PSAPI proved
to be highly biocompatible and capable of accumulating mostly in the thyroid, with
a significant enhancement of HIFU therapeutic efficacy, leading to markedly reduced
inflammatory responses [85].

(d) Nanoparticles in Thyroid Eye Disease

TED is an autoimmune disorder of the orbit characterized by proptosis, inflammation
and extraocular muscle inflammation that affects about 30-50% of patients with GD. Mild
forms of TED are treated with local measures (eye drops or Selenium). Moderate to severe
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forms of TED are traditionally treated with intravenous corticosteroids, orbital radiotherapy
or surgery. More recently targeted therapies have been developed, such as Teprotumumab
(a fully human monoclonal antibody against the IGF1-receptor), that has been shown to be
effective in reducing inflammation, proptosis and diplopia [101]. However, more efforts
are needed to find more effective treatments of TED.

Cerium oxide NPs (CNPs) are emerging in the ophthalmology research, because of
their anti-inflammatory and antifibrotic potential. CNPs were studied on orbital fibroblast
(OF) in patients with TED by Wang et al. [86]. They demonstrated that CNPs suppress the
generation of ROS by OF, and down-regulated the expression of fibrosis markers. CNPs also
decreased the expression of mRNA and of the inflammatory cytokines IL-6 and TNE-c [86].

Exosomes obtained from the tear fluid (TF) of TED patients and their exosomal pro-
tein content were analyzed in comparison with controls [87]. TF exosome quantity was
determined by NP tracking analysis. Control OFs were then cultured in the presence of TF
exosomes obtained from patients with TED or controls, to evaluate their influence on the ex-
pression of inflammatory cytokines. Exosomes isolated in TF from TED patients were more
numerous than those from controls, and moreover, the levels of exosomal proteins, such as
vitamin D-binding protein, chitinase 3-like 1, C-reactive protein and vascular cell adhesion
molecule-1, were significantly increased in patients with TED with respect to controls. OFs
treated with TF exosomes from TED patients reported a significantly increased production
of IL-8, IL-6, and CC motif chemokine ligand 2 (CCL2) compared to OFs treated with TF
exosomes from controls. Moreover, certain proteins were present at high concentrations in
exosomes from TED patients, suggesting their potential roles in the TED pathogenesis [87].

In another study, the authors explored the role of exosomes in TED, by enrolling
24 TED patients, 24 GD patients and 16 controls. The quantity of tear exosomes was
measured by using NPs tracking analysis. IL-1 and IL-18 levels were significantly higher
both in serum and in tear exosomes obtained from TED patients in comparison with GD
or healthy controls. Levels of other proteins, such as complement C4A, APOA-IV and
Caspase-3, were higher in exosomes derived from TED in comparison with GD and controls.
These results demonstrated that the expression of some specific proteins was upregulated in
tear exosomes from TED patients, highlighting their crucial role in TED pathogenesis [88].

Emerging studies have highlighted the involvement of mitochondria-associated en-
doplasmic reticulum membranes (MAMs) in the pathogenesis of TED [89]. MAMs can
contribute to TED pathogenesis trough different mechanisms, including: (a) disruption of
calcium homeostasis with a subsequent activation of NADPH oxidase and the increase in
ROS production [102]; (b) dysregulation of lipid metabolism, that leads to an adipose tissue
proliferation [103]; and (c) amplification of pro-inflammatory signaling pathways (activa-
tion of NLRP3 inflammasome and release of mitochondrial DNA) resulting in increased
levels of proinflammatory cytokines such as IL-1§3 [104]. A dual-responsive Selenium NP
(Se@LNT) modified with lentinan, and designed for ROS/pH-triggered release, was inves-
tigated in human primary OF, and its therapeutic mechanism was studied in TED mouse
models. Se@LNT represents the first nanotherapeutic strategy targeting MAMs for TED
by modulating the disease progression at the subcellular level. Se@LNT, through GPX1-
mediated restoration of MAM function, reverses adipose hyperplasia in TED. Furthermore,
Se@LNT has dual regulatory effects by rebalancing the immune responses and inhibiting
the PPARG/CEBPA-driven adipogenic network. These results suggest a Selenium-based
nanotherapeutic strategy for TED [89].

3. Nanoparticles in Thyroid Cancer

In late 1863, Virchow was the first to suggest a relation between chronic inflammation
and cancerogenesis [105].
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Further studies have also assessed a link between AITD and an increasing incidence of
thyroid cancer (TC); indeed, thyroid autoimmunity and elevated TSH levels were defined
as independent risk factors for TC [106].

TC is one of the most common endocrine malignancies that comprises four histological
variants, namely follicular, papillary, anaplastic deriving from the follicular cells and
medullary cancers arising from para-follicular C cells of neuroendocrine origin [107].

Current conventional therapies include surgery, radioiodine therapy, chemotherapy,
targeted therapy and immunotherapy on the basis of tumor histotype. The multiple
applications of NPs make them suitable for diagnosis as well as for delivery of therapeutic
drugs to the specific tumor tissue.

NPs represent a future personalized therapeutic approach able to enhance 1311 sensitiv-
ity and chemotherapy, to improve drug solubility and to reduce immunogenicity. However,
more studies are needed to further investigate the interaction between NP target cells and
tissues. An important issue to be faced is the monitoring of the drug release kinetics for
a better and safe patient outcome. Hybrid nanoparticles, thanks to the combination of
different NP properties (organic, inorganic, and targeting), allow the use of this system
for different clinical applications, such as drug/gene delivery, laser-assisted therapies,
and imaging.

Therefore, hybrid NPs improve diagnosis and the control of the drug release by
enhancing their accumulation in the tumor, resulting in a better efficacy [108].

4. Nanoparticles: Limitations and Possible Toxicity

NPs represent an innovative approach for the treatment of autoimmune diseases and
cancer; however, several limitations are still present.

A primary limit is due to the potential toxicity of nanomaterials, particularly metal-
based NPs such as silver or titanium dioxide that can generate ROS, inducing oxidative
stress and inflammation in tissues, thus leading to long-term health risks, including organ
damage or carcinogenesis by damaging cells, DNA, and proteins [44].

A relevant aspect related to NP toxicity has been associated with their capabilities
to set themselves all around the protein by forming a sort of “protein corona”, where the
stabilization depends on particle size, shape and other specific characteristics. This binding
is able to induce adverse effects on both protein structure and biological activity [109].

Another limitation is caused by the failure in reaching the tissue-specific target, result-
ing in toxicity and an off-target accumulation in non-diseased tissues.

Functionalizing NPs with highly targeted ligands (antibodies or aptamers) could
improve tissue specificity [22].

Along with toxicity NP clearance is another important challenge to face, in this context,
self-destructing NPs, that disassemble post-delivery, are being actively investigated to
achieve a safe elimination from the body.

Furthermore, biomimetic coatings (derived from cell membranes) could be a strategic
approach to lower a possible NP-related immunogenicity [22].

5. Conclusions

Nanomedicines is an emerging and very promising field in thyroid dysfunctions.
Clinically, liposomes and LNPs have demonstrated well-established success [1,110].

In 1995, Doxil (liposomal doxorubicin) was the first approved nanodrug by the
Food and Drug Administration (FDA). Subsequently, a small interfering ribonucleic
acid (siRNA) encapsulated in LNPs (Onpattro) was approved in 2018 by the FDA for
amyloidosis [111,112]. Lipid-based NP drugs have also been recently approved by the FDA
and European Medicines Agency for specific immunological applications, for example,
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Mepact, a liposome formulated with the immunomodulatory peptide-lipid mifamurtide,
and a nucleotide-binding oligomerization domain containing 2 (NOD2)-agonist, that acti-
vated monocytes and macrophages against tumor cells [113], and Comirnaty and Spikevax,
the LNP-mRNA vaccines developed for COVID-19 [114].

The research application of NPs is very encouraging, spanning from infectious dis-
eases [115,116] to autoimmune diseases [117] and cancer [118].

Nanomedicine has been used to develop new sensitive methods for the determination
of the TSH, iodine and TSAb. Furthermore, other studies have used nanomedicine to
explore new treatments for autoimmune thyroiditis, Graves’ disease and also thyroid eye
disease. In the future, the application of nanomedicine will be personalized in accordance
with individual genetic profiles, thus improving the therapeutic effectiveness and reducing
the undesirable side effects with improved patient outcomes.
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