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Abstract: Hashimoto’s thyroiditis is one of the most common autoimmune diseases, characterized by lymphocytic infiltration, thyroid 
autoantibody production, and progressive thyroid destruction. Natural killer cells, as innate immune effectors, play a dual role in HT 
pathogenesis through cytotoxicity, death receptor signaling, inflammasome activation, and secretion of proinflammatory cytokines. 
Recent studies using single-cell RNA sequencing have revealed functional heterogeneity of NK subsets, suggesting stage-specific roles 
in either amplifying or regulating inflammation. Moreover, peripheral blood from HT patients shows increased expression of activating 
receptors such as NKG2D and NKp30, positively correlated with thyroid autoantibody titers, while abnormal activation of the NLRP3 
inflammasome drives NK cell–mediated IFN-γ release and thyroid follicular cell pyroptosis. These advances highlight NK cells as 
both contributors to immune imbalance and potential therapeutic targets. A better understanding of NK cell–related mechanisms will 
provide novel insights into disease monitoring and the development of targeted interventions for HT.
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Introduction
Hashimoto’s thyroiditis (HT) is a common autoimmune thyroid disease, usually characterized by thyroid enlargement, 
lymphocyte infiltration and elevated serum autoimmune antibodies. Female HT patients are approximately 8 times more 
likely than males due to the development of X chromosome inactivation patterns regulated by genetic susceptibility, 
environmental factors, and microbial composition.1 It is currently believed that its pathogsis is related to the infiltration 
of T cells and B cells in the thyroid gland,2 ultimately leading to progressive fibrosis and atrophy of thyroid tissue, as 
well as an increased risk of thyroid malignancy.

Among these immune cells, T cells play a pivotal role in HT through multiple mechanisms involving regulatory T cells 
(Tregs), cytotoxic T lymphocytes, and helper T cells. Functional impairment of Tregs can result in the breakdown of immune 
tolerance, thereby triggering uncontrolled autoimmune responses.Cytotoxic T lymphocytes are capable of directly attacking 
thyroid follicular cells, while helper T cells secrete proinflammatory cytokines, both of which further amplify the inflamma
tory cascade.3 B cells, on the other hand, represent the principal source of anti-thyroid antibodies in HT. They can function as 
antigen-presenting cells to present thyroid autoantigens to T cells, thereby enhancing T cell–mediated immune responses. 
Excessive activation of T cells can, in turn, drive abnormal B-cell differentiation and the production of autoantibodies against 
thyroid antigens. These antibodies mediate thyroid follicular cell destruction via antibody-dependent cell-mediated cytotoxi
city, thereby aggravating thyroid inflammation and perpetuating a vicious cycle.4

Unlike T cells and B cells, NK cells do not express antigen-specific receptors and their cytotoxicity is determined by 
a delicate balance of activating and inhibitory signals from cell surface receptors.5 With the advancement of NK cell research, 
single-cell RNA sequencing (scRNA-seq) has been employed to profile their transcriptomes, uncovering the heterogeneity of 
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NK cell subpopulations across different tissues and revealing dynamic functional changes under various physiological and 
pathological conditions6 Evidence suggests that in the early stages of HT, NK cells may contribute to disease progression by 
directly killing thyroid cells and promoting inflammatory responses. In contrast, during later stages, NK cells may exert 
immunomodulatory effects by regulating the activity of other immune cells, thereby alleviating inflammation4. These findings 
indicate that identifying characteristic alterations in specific NK cell subsets could provide insight into thyroid function and 
treatment responsiveness, and that targeted interventions tailored to different stages of HT may be developed based on the dual 
role of NK cells.

In recent years, research on the relationship between HT and NK cells has primarily focused on establishing 
correlations, confirming their association but leaving the precise mechanisms largely unexplored.7,8 This review will 
therefore focus on distinct NK cell subsets and their mechanistic roles in HT, with the aim of identifying novel 
therapeutic targets for clinical management of the disease.

Development and Differentiation of NK Cells
NK cells were first discovered in the spleen of mice in 1975, and are a cytotoxic branch of the innate lymphoid cell 
family, which are mainly found in bone marrow, lungs, lymph nodes, peripheral blood, spleen and liver.9 Among them, 
bone marrow is the most important developmental site of NK cells. Its development goes through three stages of early 
differentiation, maturation and function acquisition, and gradually acquires the expression of surface receptors that define 
the identity of NK cells and regulates their effector functions.

Mice share a high degree of genetic homology with humans and are easy to breed, making murine models an important tool 
for studying human NK cells.10 However, there are significant differences between murine and human NK cells in terms of 
development, subsets, and surface receptor expression. During NK cell maturation, murine NK cells are classified according to 
the expression levels of CD27 and CD11b, with immature NK cells defined as CD11blowCD27high and mature NK cells as 
CD27lowCD11b.high11,12 Researchers have analyzed NK cells from different mouse strains and identified unique features. For 
example, C57BL/6 mice exhibit strong interferon production and complement activity, making them suitable for studying NK 
cell–mediated immune responses. In contrast, BALB/c mice express high levels of IFN-γ but display impaired NK cell 
function and are susceptible to MCMV infection, providing a valuable model for investigating the complex relationship 
between IFN-γ and NK cell function, as well as their role in viral infections. Furthermore, BALB/c nude mice, which lack 
a thymus and T lymphocytes due to a Foxn1 gene mutation, show age-dependent alterations in NK cell function. This enables 
the study of NK cell development and function in the absence of T cells, thereby offering important insights into human NK 
cell developmental mechanisms.13 Collectively, NK cells derived from different murine models exhibit distinct biological 
characteristics and immune responses, providing valuable references for the study of human NK cells and offering novel 
strategies and theoretical foundations for the prevention and treatment of human diseases.

The ontogeny of human NK cells has not yet been fully elucidated, mainstream evidence indicates that the maturation of 
NK cells is most commonly classified by the expression density of CD56 molecules.14 Based on the characterization of NK 
cells in peripheral blood, human NK cells are generally subdivided into two major subpopulations: CD56brightCD16dim/−, 
which is generally considered less mature and a potent cytokine producer, and CD56dimCD16+, which is more mature and the 
most cytotoxic.15

Studies have shown that the The CD56bright subset is mainly located in secondary lymphoid tissues, playing a role in 
immune homeostasis under both normal and pathological conditions, and is capable of regulating immune responses 
through cytokine secretion. In autoimmune diseases, excessive proliferation of CD4+ T cells may exacerbate auto
immune responses, whereas CD56bright NK cells can mitigate inflammation and tissue damage by eliminating these 
over-proliferating CD4+ T cells, thereby exerting a protective effect.16 On the other hand, under conditions of immune 
dysregulation, CD56^bright NK cells may sustain inflammation by secreting GM-CSF and CD154 to drive monocyte 
differentiation into dendritic cells. Prolonged chronic inflammation may subsequently lead CD56bright cells to acquire 
features of immune exhaustion, a state in which the immune system fails to efficiently clear viral infections, thereby 
maintaining chronic infection and perpetuating a vicious cycle.17

CD56dim NK cells possess stronger cytotoxic activity, enabling them to play a critical role in antitumor immunity and 
antiviral defense.18 Under conditions of immune dysregulation, however, CD56dim NK cells can exhibit hyperactivation. 
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Studies have shown that in patients with systemic lupus erythematosus (SLE), CD56dim NK cells display enhanced IFN-γ 
secretion, and their phenotypic characteristics are negatively correlated with disease activity indices.19 Other studies suggest 
that the ability of CD56dim NK cells to produce IFN-γ depends on the presence of T cells.20 Furthermore, single-cell multi- 
omics analyses have revealed a more complex relationship among these immune components: in SLE patients with high IFN 
expression, CD56^dim NK cells exhibit heightened cytotoxicity, which may be attributable to IFN-driven activation.21 These 
findings indicate that in T cell-dominated autoimmune diseases, CD56dim NK cells may be hyperactivated by overactive 
T cells or T cell-derived cytokines, thereby augmenting the production of proinflammatory mediators such as IFN-γ, which 
exacerbates tissue inflammation and damage.

In addition, significant ethnic differences have been observed in the distribution of NK cell subsets. Regarding NK 
cell absolute counts, Han Chinese individuals show higher average counts (442 cells/μL) compared with Caucasians and 
individuals of African descent. Among people younger than 40 years, NK cell counts in individuals of African descent 
are comparable to those of Han Chinese but higher than those of Caucasians; however, in individuals over 40 years, NK 
cell counts are higher in individuals of African descent compared with Han Chinese. With respect to subsets, both 
Caucasians and Han Chinese show higher proportions of CD56dim cells, with slightly higher frequencies in Caucasians, 
whereas Caucasians have the highest proportion of CD56bright cells and individuals of African descent display the 
highest proportion of NK cells with undefined function.22 Even within the same ethnic group, however, there are marked 
differences in killer-cell immunoglobulin-like receptor (KIR) gene expression. For example, significant variation has 
been identified between Southern and Northern Han Chinese populations, particularly in the frequency of activating KIR 
genes. The activating gene KIR2DS4, among others, is more frequent in Southern Han Chinese, while Northern Han 
Chinese show relatively lower frequencies.23 Suchgenetic differences may reflect population-specific adaptive responses 
to locally prevalent pathogens. Collectively, these findings highlight the adaptive potential of NK cells and underscore 
the importance of considering regional and ethnic factors in future NK cell research.

The Main Functions of NK Cells
NK cells play a significant role in innate immunity, and achieve immune protection by mediating the killing of target 
cells and secreting various cytokines. Its functional activation benefits from activating and inhibiting receptors. Under 
physiological conditions, inhibitory receptors play a dominant role in preventing NK cells from killing normal cells. 
When the inhibitory signal weakens and the activation signal strengthens, NK cells will exhibit killing effects.24 

Therefore, the balance between the two determines the outcome of NK cell activation.

Activated Receptor
Activated receptors mainly include KIR (2DS, 3DS), NCR, NKG2D, 2B4, CD226, etc.

KIR is a transmembrane glycoprotein expressed by natural killer cells and T cell subsets, which typically has two or three 
extracellular Ig-like domains (2D or 3D) and long (L) or short (S) cytoplasmic tails.25 Hasan26 confirmed through animal 
experiments that KIR containing a short cytoplasmic tail can bind to related adaptor molecule such as FcRγ to transduce 
activation signals. Based on the current KIR gene content, two KIR haplotype groups A and B have been identified, with most of 
the KIR genes constituting haplotype B having activating function.27 The research by Ashouri E28 showed that six activated KIR 
genes appear to play a role in HT susceptibility, and suggested that the functional significance of the KIR-HLA combination in the 
pathogenesis of HT requires further study. A study on the KIR gene of HT in the Chinese population by Li29 showed that the 
frequency of activated KIR2D/HLA-C1 increased significantly.

This pro-inflammatory role of activating KIRs, however, presents a fascinating paradox when considered in the 
context of thyroid cancer, for which HT is a known risk factor.30 Interestingly, studies have shown that the frequencies of 
activating KIR2DS2 and KIR2DS4 are significantly lower in thyroid cancer patients compared to healthy controls,31 

implying a protective role against oncogenesis.
This apparent contradiction underscores a critical principle in NK cell biology: the functional outcome of KIR signaling is not 

intrinsic but is entirely context-dependent, determined by the ligand landscape on target cells and the overall immune milieu. In 
the autoimmune setting of HT, activating KIRs may recognize stress-induced or inappropriately presented self-ligands on thyroid 
follicular cells, driving aberrant cytotoxicity. In contrast, in the immunosuppressive tumor microenvironment of thyroid cancer, 
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the same activating KIRs may be crucial for recognizing downregulated HLA classes or stress ligands on malignant cells, thereby 
restoring immune surveillance. This dichotomy highlights the dual nature of NK cell activation as both a driver of autoimmunity 
and a defender against malignancy.

Natural cytotoxicity receptor (NCR) was discovered about 20 years ago by Pende D32 in a series of redirected lysis 
experiments using human NK cells. It consists of three type I transmembrane receptors, including NKp46, NKp30, and 
NKp44. The three are only expressed on the surface of NK cells. After binding to their specific ligands, they can induce strong 
activation of NK cell-mediated cytotoxicity. Studies have shown that NKp30 and NKp46 are highly expressed in 73.6% and 
82.7% in NK cells respectively.33 And this cytotoxicity seems to advance only towards the target cells, which proves that NK 
cells have some form of resistance to the cytotoxicity mediated by them and avoid self-damage.34 Park A35 demonstrated that the 
soluble factors secreted by thyroid cancer cells slowed the killing function of NK cells by inhibiting the expression of NCR 
receptors, which also indicated that NCR can protect the thyroid gland by killing target cells in diseases. Intriguingly, the role of 
NCRs is diametrically opposed in Hashimoto’s thyroiditis. In patients with HT, the frequency of NKp46+ NK cells is significantly 
increased, and their cytotoxic capacity is enhanced, correlating positively with serum anti-thyroid antibody levels.36 These 
findings suggest that aberrant activation of NCRs may be a key driver of thyroid tissue destruction, transforming a primary 
defense mechanism into an autoimmune liability.

CD226 is an activated receptor expressed mainly in CD8 + and NK cells and functions as an adhesion molecule, 
which has become an attractive biomarker and immunotherapeutic target through its involvement in the regulation of 
multiple anti-tumor immune cell activities.37 However, at present, the detailed function and role of CD226 in pan-cancer 
are still unclear, and further investigation is need.38 2B4 is an Ig Superfamily Signaling Lymphocyte Activation Molecule 
family receptor whose cytoplasmic domain contains four immunoreceptor tyrosine-based switch motifs that interact with 
a variety of signaling adaptor molecules and transmit activating signals.39

Natural killer group 2 member D (NKG2D) is a C-type lectin-like receptor, which was discovered as a characteristic 
and novel receptor in the 1990s.40 It mainly binds to its corresponding ligand to make NK cells transmit activation 
signals. Notably, the reduction of NKG2D ligand expression can impair the cytotoxicity of NK cells against malignant 
cells, leading to immune evasion and disruption of the tumor immune surveillance system.41 Guo H42 found that the 
frequency of activated receptor expression of NKG2D and NKp30 was significantly higher in HT patients than in healthy 
people, and the concentration of NKG2D was positively correlated with TPOAb. In summary, NK cells drive immune 
dysregulation in HT through activating receptors, among which activating KIRs and NCRs confer high susceptibility to 
HT while exerting protective effects in thyroid carcinoma. Both the expression frequency and concentration of peripheral 
NKG2D are significantly increased in HT patients. Collectively, NCR represents a key therapeutic target for HT 
intervention, while receptor effects are highly dependent on the immune context and disease type. NKG2D may serve 
as a potential biomarker for assessing disease activity.

Inhibitory Receptor
NK cells protect normal tissues from autoimmunity by expressing inhibitory receptors, mainly including KIR (2DL, 3DL), 
CD94/NKG2A, and TIGIT. These signals are primarily transmitted by recognizing the binding of Major Histocompatibility 
Complex 1 (MHC I) molecules and immune checkpoints. Human MHC is usually called human leukocyte antigen (HLA) 
genes or HLA complexes. The interaction between these receptors and discrete groups of their own HLA-class I alleles 
prevents NK cells from attacking normal cells by recruiting tyrosine phosphatase.43

As an inhibitory receptor, the role of KIR2DL in autoimmune diseases is primarily mediated through its effects 
on CD8 regulatory T cells (CD8 Tregs). Studies have shown that in autoimmune disorders, the inhibitory function of 
KIR2DL limits the capacity of CD8 Tregs to effectively eliminate autoreactive CD4 T cells. This impairment leads 
to the expansion of autoreactive CD4 T cells, which subsequently attack host tissues.44 On the other hand, KIR 
regulates the function of NK cells by interacting with various ligands on the cell surface. Inhibitory KIR has an 
immunoreceptor tyrosine-based inhibitory motif (ITIM) within its cytoplasmic domain. ITIM exhibits immunosup
pressive activity by recruiting tyrosine phosphatases containing SH2 domains, such as SHP-1 or SHP-2, thereby 
reducing the ability of NK cells to degranulate and produce cytokines and chemokines.45 Among them, SHP-1 
down-regulates multiple activation signaling molecules through dephosphorylation, and reduced SHP-1 capacity can 
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lead to mutations in leukocyte immunoglobulin-like receptor B1, which in turn generates autoimmune diseases 
including HT.46 It indicates SHP-1 plays a crucial role in initiating inhibitory signals and blocking activation signals.

CD94/NKG2A is a type I transmembrane protein that binds to HLA-E, leading to phosphorylation of the tyrosine 
residues within the ITIM motif in its cytoplasmic tail. The phosphorylated ITIM motif recruits SHP-1 and/or SHP-2 
phosphatases, which dephosphorylate Vav and ERM proteins, thereby disrupting activating receptor signaling at the NK 
cell contact site,47 This mechanism helps maintain NK cell homeostasis and prevents autoreactive immune responses. 
However, in tumors, high NKG2A expression impairs NK cell infiltration, reducing their numbers within tumor tissue 
and weakening antitumor immunity. Tumor cells often overexpress HLA-E, which binds to CD94/NKG2A on NK cells, 
allowing tumors to evade NK cell recognition and cytotoxicity. In contrast, studies in HT patients have shown reduced 
NKG2A expression and increased frequencies of NK cells expressing activating receptors.36 These findings highlight the 
differential roles of NKG2A under distinct pathological conditions and underscore the complexity of the immune system 
in maintaining homeostasis.

T cell immunoglobulin and ITIM domain (TIGIT) is an inhibitory receptor expressed on T cells and NK cells. It engages 
multiple ligands and triggers inhibitory signaling, competitively binding CD155 to suppress DNAM-1–mediated co- 
stimulatory signals. This process impedes dendritic cell–mediated T cell activation, prevents NK cells and cytotoxic 
T lymphocytes from killing malignant cells, and enhances the immunosuppressive activity of regulatory T cells48 Štefanić 
reported that TIGIT can directly suppress NK cell function, and its high expression in hypothyroid patients may reflect 
impaired NK cell activity.49 This inhibitory role of TIGIT has also been confirmed in HT. Compared with the healthy group, 
TIGIT expression in lymphoid follicles of HT is about 2–3 times greater than in the equivalent regions.50

In conclusion, inhibitory receptors primarily transduce inhibitory signals by binding to HLA molecules and inducing 
phosphorylation of their ITIM. SHP-1, a key cytoplasmic tyrosine phosphatase recruited to phosphorylated ITIMs, plays 
a critical role in initiating these inhibitory signals and blocking activation pathways by dephosphorylating downstream 
targets. In the autoimmune milieu of HT, reduced expression of inhibitory receptors like NKG2A and impaired SHP-1 
signaling may unleash autoreactive responses. Given its broad regulatory functions, SHP-1 represents a promising 
potential therapeutic target for HT. Furthermore, the elevated expression of TIGIT observed in HT suggests its potential 
association with disease severity (Table 1).

Pathogenesis of NK Cells in HT
Cytotoxicity
Cytotoxicity has the ability to directly kill other cells, which is essential for infected or transformed cells. Therefore, 
cytotoxicity is the core tool of the immune system in combating inflammation. NK cells are one of the most effective 

Table 1 The Main Functions of NK Cells

Receptor 
Classes

Name of 
Receptor

Mechanism of Action References

Natural 
killer cell

Activating 
receptor

KIR (2DS, 3DS) Transduction of activation signals through TRAM such as FcRγ, regulating the balance of KIR 
activation/inhibition signals is involved in HT pathogenesis.

[25–29]

NCR Induced strong activation of NK cytotoxicity after binding to ligand. One-way killing of target cells and 
protecting thyroid tissue.

[32–36]

NKG2D Binding to a ligand to conduct an activation signal. Ligand reduction lead to immune escape. [40–42]

2B4 The cytoplasmic domain contains an immunoreceptor tyrosine switch motif, transmitting activation 
signals.

[39]

CD226 Modulates antitumor immune activity as an adhesion molecule. [37,38]

Inhibitory 
receptor

KIR (2DL, 3DL) Recruitment of SHP-1/SHP-2 phosphatase through ITIM motif inhibits NK cell degranulation and 
cytokine secretion. Decreased SHP-1 function is associated with autoimmune disease.

[44–46]

CD94/NKG2A Binding to HLA-E causes ITIM phosphorylation, disrupting activation signaling. [47]

TIGIT Competitively binding to DNAM-1, inhibiting dendritic cells from activating T cells, and preventing 
NK/cytotoxic T cell killing. Enhancing Treg inhibitory activity.

[48–50]

Abbreviations: KIR, killer-cell immunoglobulin-like receptor; NCR, natural cytotoxicity receptor; NKG2D, natural killer group 2 member D; 2B4, Cluster of Differentiation 
244; CD226, DNAX Accessory Molecule-1; CD94/NKG2A, CD94/Natural Killer Group 2A; TIGIT, T cell immunoglobulin and ITIM domain.
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mediators for exerting cytotoxicity, and they are involved in antibody-dependent cell-mediated cytotoxicity, which acts 
through the expression level of perforin.4

Perforin, as an effective pore-forming protein, undergoes direct cleaved when pores are formed on the cell membrane 
of cancer cells, allowing lysozymes (such as granzyme A and B) to be released into the cytoplasm, which in turn 
mediates target cell death.51 Studies have shown that during the progression of HT, cytotoxic T cells and NK cells exhibit 
increased activity, producing perforin, granzymes, and proteoglycans, which induce cytotoxic death of thyroid cells and 
contribute to thyroid tissue damage and chronic inflammation.4 However, Interestingly, Popko8 observed a significant 
decrease in perforin expression in HT patients, despite the fact that NK cells from these patients displayed significantly 
higher spontaneous cytotoxicity compared with healthy controls. This suggests that cytotoxic mechanisms beyond 
perforin may also contribute to thyroid tissue damage in HT.

Death Receptor
Death receptors are a class of type I transmembrane receptors expressed on the cell surface. They are members of the 
Tumor Necrosis Factor (TNF) receptor superfamily and are characterized by the presence of death domains in the 
cytoplasmic region. Death receptors play a central role in directed apoptosis by initiating apoptotic signals after receiving 
specific death ligands. These receptors can be activated within seconds after ligand binding, resulting in cell apoptosis 
within hours.52 Among them, TNF receptor 1, Fas and TNF-related apoptosis-inducing ligand receptors receptors 
(TRAILR) are typical death receptors that play pleiotropic functions in cell death, inflammation and immune 
surveillance.53

Fas was first identified in 1989 by Trauth et al as an antigen expressed on activated or malignant lymphocytes. 
Engagement of Fas with the monoclonal antibody anti-APO-1 was found to induce apoptosis in these cells via a cell 
surface–mediated signaling pathway that is independent of complement or antibody-dependent cellular cytotoxicity. 
Trauth et al further suggested that Fas induces cell death through the formation of a death-inducing signaling complex 
(DISC), although the precise mechanisms were not fully elucidated in their study.54 Subsequent research by Frazzette 
et al demonstrated that binding of Fas to its ligand, FasL, recruits Fas-associated death domain (FADD) proteins to form 
the DISC, which in turn activates caspase-8 and induces apoptosis in target cells, thereby clarifying the mechanistic role 
of Fas as a death receptor.55 Wen J56 observed an increase in Caspase protein content in HT patients. Furthermore, some 
scholars have further verified through experiments that the higher cell mortality rate of the glandular species in HT 
patients is closely related to the overexpression of Fas57 This further confirms that the Fas pathway is conducive to the 
cell death of thyroid cells and thyroid destruction.

However, TRAIL has highly similar homology with Fas ligand, which also induces apoptotic signal transduction through 
binding to its receptor TRAIL-R to activate caspase-8 and downstream caspase cascade, and ultimately leads to cell death. 
Notably, TRAIL induces apoptosis in many tumor cell lines, but not in most primary cells. Among them, CD4 + cell 
infiltration is closely related to HT, which can be involved in stimulating cytotoxicity of effector cells and stimulating humoral 
responses. If TRAIL fails to trigger effective apoptotic signals in CD4T cells, alternative signaling pathways need to be 
activated.58 SHP-1 has been demonstrated as an inhibitory receptor signal above. Chyuan IT59 confirmed through animal 
experiments that the TRAIL-R/SHP-1/Lck complex can inhibit proximal TCR signaling and subsequent T cell activation 
through co-inhibitory signal transduction. It suggests that the binding of TRAIL-R to SHP-1 is a novel pathway different from 
the traditional apoptotic signaling pathway and can be used as a potential therapeutic target for immune mediation in HT.

In conclusion, NK cells can intervene in the development of HT by regulating the Fas and TRAIL signaling pathways 
in terms of death receptors, and the TRAIL-R and SHP-1 axes may become new apoptotic pathways of NK cells in HT.

Inflammasome
Inflammasome is a large protein complex composed of three parts. The first is the pattern recognition receptor (PRR), 
which acts as an intracellular receptor. The second is the cytokine activation system, that is, apoptosis-associated speck- 
like protein containing a caspase recruitment domain (ASC). One end of ASC is linked to the PRR, and pro-caspase-1 is 
recruited through its CARD domain at the other end. Once activated, pro-caspase-1 becomes caspase-1, which is the third 
important component of the inflammasome.60 Caspase-1 can mediate the inflammatory response, promote the cleavage of 
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IL-1β, IL-18 and Gasdermin-D, and then lead to local inflammation and inflammatory pyroptosis. It has been confirmed 
that nucleotide-binding domain and leucine-rich repeat receptors (NLR) family members NLRP1, NLRP3, NLRC4 and 
AIM2 are involved in the formation of inflammasomes.60,61

HT is an autoimmune disease. Some scholars have found that the expression of inflammasome components such as 
NLRP3, AIM2, NLRC4 and NLRP in thyroid follicular cells of HT patients is higher than that in normal tissues. Among them, 
the most significant mediators of pyroptosis are NLRP3 and AIM2.62 It suggests a potential role for inflammasome-associated 
pyroptosis mediators in the pathogenesis of HT. NLRP3 is the most definite inflammasome in structure and function so far. In 
HT mouse models, inhibition of NLRP3 activation or pyroptosis significantly attenuates disease progression, including 
reductions in thyroid volume, lymphocyte infiltration, and serum levels of thyroid peroxidase antibodies and thyroglobulin 
antibodies, indicating that targeting NLRP3 activation or pyroptosis may represent a potential therapeutic strategy.63 Further 
analysis of the relationship between NLRP3 and NK cells has shown that PRR recognizes PAMP and DAMP through Toll-like 
receptors in the membrane or cytoplasm, thereby activating NLRP3 in macrophages, NLRP3 inflammasome activation 
stimulates NK cells and INF-γ secretion by releasing IL-1β and IL-18.64 These findings indicate that inflammasomes act 
through NK cells in HT, amplifying autoimmune cascades in an IFN-γ-dependent manner, ultimately leading to thyroid 
follicular cell destruction and autoantibody production.

Proinflammatory Factor
In addition to cytotoxicity, NK cell activation is accompanied by the secretion of proinflammatory cytokines such as GM- 
CSF, IFN-γ, TNF-α, etc.65 Proinflammatory factors in HT not only attack the thyroid gland, but also cause thyroid 
follicular cell damage.

Granulocyte-macrophage colony stimulating factor (GM-CSF) is a multifunctional cytokine originally described as 
a growth factor that induces the differentiation and proliferation of myeloid progenitor cells in the bone marrow. As an 
important participant in the innate immunity of NK cells, GM-CSF can stimulate macrophages to produce antibacterial 
and antitumor effects in the context of local inflammatory responses.66 Thyroglobulin-immunized mice treated with GM- 
CSF showed inhibition of thyroglobulin effector T cell responses and no thyroid changes occurred, suggesting that GM- 
CSF has the ability to prevent and inhibit the formation of a mouse model of HT.67 Moreover, GM-CSF–treated mice 
exhibited higher frequencies of CD4+CD25+ T cells in the thyroid, while the expression of death receptors in the thyroid 
remained unchanged. This indicates that GM-CSF primarily modulates immune cell function rather than directly 
affecting thyroid cells.68 These findings further elucidate the mechanism of GM-CSF in HT and provide theoretical 
support for its potential application in the treatment of Hashimoto’s thyroiditis.

IFN-γ is a pleiotropic molecule secreted by lymphocytes including activated T cells and NK cells, which has 
bidirectional properties in immunosuppression and activation. NK cells recognize non-self targets and produce IFN-γ- 
mediated cytotoxic effects to intervene and regulate diseases.69 Some scholars have demonstrated that increased levels of 
IFN-γ can lead to HT production through evidence of cytokine secretion in the thyroid gland and experimental evidence 
in animal models and cultured cells, which may help prevent disease progression by controlling IFN-γ expression.70,71 

Other scholars have stated that there is no significant difference in IFN-γ levels between HT patients and healthy groups, 
which indicates that whether there is a rel39 hip between IFN-γ and HT still requires further research.72 Through 
a Mendelian randomization analysis between inflammatory cytokines and autoimmune thyroid disease, it was found 
that high levels of IFN-γ may lead to a higher risk of HT, but HT doe40 lead to further changes in IFN-γ.63 It indicates 
that early intervention of IFN-γ level in future treatment has positive significance in reducing the incidence of HT. TNF-α 
can be responsible for various signaling events within cells, leading to necrosis or apoptosis. This protein is also 
important for resisting infections and cancer. NK cells, as innate immune cells, can activate cytotoxic granules of 
granzymes including TNF-α and cytokines during acute inflammation.73 It is worth noting that two cytokines, IFN-γ and 
TNF-α, are closely related to inflammasomes in HT. Studies have shown that both can lead to upregulation of mRNA 
levels of NLRP3 and AIM2, and suggest that abnormal cytoplasmic DAMP triggered by TNF-α or IFN-γ may trigger 
pyroptosis of thyroid follicular cells during HT progression and be directly or indirectly sensed by NLRP3 or AIM2.62 

Figure 1 shows the pathogenesis of NK cells in HT.
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In addition, inhibition of proinflammatory factors is an important way to intervene in HT. The immunomodulatory effects 
of metformin as an antiglycemic drug are now increasingly well known, and it can ameliorate disease in HT by inhibiting the 
number and function of Th17 cell and macrophage polarization.74 Data suggest that metformin not only effectively inhibits 
TNF-α, but also blocks caspase-1 and GSDMD-N associated with NLRP3 inflammasome activation.75,76 It suggests that 
metformin has great potential in the treatment of HT. Inositol is the first reported subtype of inositol, accounting for more than 
99% of intracellular inositol. It has various effects on hormones that affect brain and metabolism, mainly from legumes, citrus 
fruits, nuts and grains with high bran content. Inositol depletion may lead to the development of thyroid diseases.77,78 In recent 
years, studies have shown that inositol reduces the secretion of CXCL10 chemokine induced by IFN-γ and TNF-α, which has 
positive implications for45 cting thyroid cells.79 Vitamin D is a fat-soluble vitamin that plays a crucial role in bone health and 
calcium regulation in the body. After weekly vitamin D supplementation to female patients with HT, the serum levels of IFN-γ 
and TNF-α decreased significantly, indicating that vitamin D has the potential to control the inflammatory axis of IFN-γ and 
TNF-α in HT.80

In conclusion, NK cells play an important role in promoting inflammation in HT, and play a role through inflamma
somes and proinflammatory factors such as IFN-γ, TNF-α and GM-CSF. These abnormal activation pathways are not 
only harmful factors that cause inflammasomes and pyroptosis of thyroid follicular cells during HT development, but also 
provide potential therapeutic targets for NK cells to intervene in HT from different inflammatory angles, and correspond
ing drug therapy and dietary guidance can be selected through the above mechanisms to reduce the severity of the 
disease.

Figure 1 Mechanisms of NK Cell-Mediated Thyroid Damage in Hashimoto’s Thyroiditis. Abbreviations: TNF-α, Tumor Necrosis Factor-α; GM-CSF, Granulocyte- 
Macrophage Colony-Stimulating Factor; IFN-γ, Interferon-γ; NLR, nucleotide-binding domain and leucine-rich repeat receptors; PRR, pattern recognition receptor; 
TRAILR, Tumor Necrosis Factor-related apoptosis-inducing ligand receptors, TRAILR; Fas, Factor-related Apoptosis.
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Conclusion and Prospect
Previous studies have suggested that T cells recognize thyroid autoantigens through interactions with MHC molecules on 
thyroid epithelial cells, thereby triggering autoimmune responses. In HT, thyroid cells may act as antigen-presenting 
cells, further amplifying autoreactive T-cell activation and accelerating disease progression. A hallmark of HT is the 
development of hypothyroidism, which can be delayed through early intervention. Unlike T cells, NK cells do not require 
antigen-specific priming and thus exert effector functions at early disease stages, highlighting their potential importance 
in HT pathogenesis and intervention.

As critical components of immune surveillance, NK cells contribute to thyroid follicular cell injury not only via 
cytotoxicity, death receptor pathways, and inflammasome activation, but also by secreting pro-inflammatory cytokines 
such as IFN-γ, TNF-α, and GM-CSF, thereby amplifying inflammatory cascades and tissue destruction. Notably, 
alterations in NK cell phenotype, function, and abundance have been consistently observed in HT patients, underscoring 
their role in immune dysregulation and supporting their potential as biomarkers of disease activity. Emerging evidence 
suggests that NK cells may exert dual roles: promoting inflammatory responses during early disease, while displaying 
immunoregulatory properties at later stages. Characterizing the dynamic shifts of NK cell subsets may therefore provide 
valuable insights for predicting disease progression and monitoring therapeutic response.

To date, most studies have focused on correlations between NK cell phenotypes or receptor expression and HT, 
without establishing direct causality. Given their strong interferon-producing capacity and complement activity, C57BL/6 
mice represent an ideal model to investigate NK cell functions in HT. Future studies leveraging this model may help 
determine whether NK cell alterations precede disease onset and thereby clarify their causal contribution to HT. 
Furthermore, population-based differences in NK cell subset distribution, combined with the genetic susceptibility of 
HT, pose challenges for developing universally applicable therapies. Advances in scRNA-seq now enable high-resolution 
profiling of NK cell transcriptomes across disease stages and populations, providing an opportunity to define NK cell 
subset signatures in diverse ethnic groups. Such efforts may ultimately inform precision medicine strategies for HT.
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