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Abstract

:

Simple Summary


The majority of DTCs exhibit a favorable prognosis, while a minority of subtypes are fatal, thus highlighting the need for effective treatments for aggressive TCs. Molecular studies of this aggressive tumor have received increasing attention. Recent studies have revealed a crosstalk between immune cells and TC in TME, emphasizing the role of chemo-kinesin/cytokines. Immunotherapy has emerged as a promising avenue to combat aggressive TC, with studies highlighting the mechanisms underlying TC progression, identifying immune cells as prognostic markers and therapeutic targets, and recommending immunotherapy-based interventions. However, the development of highly specific and safe targeted drugs for TC remains a major challenge and requires a more detailed understanding of the molecular underpinnings and immunotherapy.




Abstract


Thyroid cancer (TC) is the most common malignancy in the endocrine system. Although most TC can achieve a desirable prognosis, some refractory thyroid carcinomas, including radioiodine-refractory differentiated thyroid cancer, as well as anaplastic thyroid carcinoma, face a myriad of difficulties in clinical treatment. These types of tumors contribute to the majority of TC deaths due to limited initial therapy, recurrence, and metastasis of the tumor and tumor resistance to current clinically targeted drugs, which ultimately lead to treatment failure. At present, a growing number of studies have demonstrated crosstalk between TC and tumor-associated immune cells, which affects tumor deterioration and metastasis through distinct signal transduction or receptor activation. Current immunotherapy focuses primarily on cutting off the interaction between tumor cells and immune cells. Since the advent of immunotherapy, scholars have discovered targets for TC immunotherapy, which also provides new strategies for TC treatment. This review methodically and intensively summarizes the current understanding and mechanism of the crosstalk between distinct types of TC and immune cells, as well as potential immunotherapy strategies and clinical research results in the area of the tumor immune microenvironment. We aim to explore the current research advances to formulate better individualized treatment strategies for TC patients and to provide clues and references for the study of potential immune checkpoints and the development of immunotherapy technologies.
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1. Introduction


In recent years, the incidence rate of thyroid carcinoma (TC) has increased 3% annually. In addition, its incidence rate accounts for 2.1% of all cancer diagnoses worldwide. Moreover, the growth in the incidence of TC worldwide is mainly driven by the increase in papillary thyroid carcinoma (PTC) [1,2,3]. PTC is the most prevalent histological subtype (89.1%) and is called “lazy carcinoma” due to its positive prognosis. Compared to PTC, follicular thyroid carcinoma (FTC), which is also a differentiated thyroid carcinoma (DTC), has a relatively poorer prognosis. Anaplastic thyroid carcinoma (ATC) is a rare malignant tumor, accounting for 1–2% of all TCs, yet it is the predominant cause of TC death [3,4]. Despite the fact that the prognosis of most TC is satisfactory, some types of thyroid carcinoma are associated with high mortality, including radioiodine-refractory differentiated thyroid cancer (RR-DTC) and ATC. They face a variety of challenges in clinical treatment [4,5]. Routine post-operative treatments for the above types of TC currently include thyrotropin, iodine 131, etc. Nonetheless, these techniques have certain limitations. Radiotherapy can have some irreversible side effects on patients, namely an augment in the incidence rate of a second primary carcinoma [6,7]. Moreover, targeted therapy for recurrent RR-DTC and ATC is still unable to attain satisfactory results [8,9].



The resistance of tumor cells to immune destruction is a defining feature of cancer. Tumor microenvironment (TME) refers to the complex environment required for tumor cells to survive and develop, and is composed of tumor cells and their surrounding immune cells, inflammatory cells, fibroblasts, various signal molecules, extracellular matrix, and surrounding blood vessels. Tumor cells and their microenvironment constantly interact to influence tumor growth. In the TME, pro-inflammatory cytokines and chemokines secreted by immune cells are activated by tumors to propel tumor cell proliferation, metastasis, and dedifferentiation [10], whereas in healthy people, immune cells can kill tumor cells. However, with the establishment of TME, various immune cells enhance the immunosuppressive capacity of tumor cells, thereby preventing the destruction of innate immunity [11]. These immune cells are highly expressed in TC and chiefly distributed in and around the tumor. Moreover, inflammatory factors secreted by immune cells or tumor cells may contribute to tumor progression and invasion [12].



In the American Thyroid Association’s 2021 annual report, it was proposed that the interaction between TC and its microenvironment should receive heightened attention [13]. Tumor cells and immune cells in the TME form a crosstalk mechanism linked by metabolites. By recruiting immune-suppressing cells, tumors can lessen their immunogenicity. To evade surveillance, tumors can also damage the host immune cells in the TME via additional immunosuppressive mechanisms [10]. The tumor or microenvironment will likewise change the immune response mode of the tumor [14]. Additionally, the correlation between immune cell infiltration and thyroid cell DNA repair gene disorder exemplifies the effect of tumor immunity on TC progress [15]. Consequently, the proliferation, metastasis, and dedifferentiation of TC cells will be influenced by immune cells, but tumor cells will also act on immune cells by activating, polarizing, and reprogramming them. This crosstalk between tumor cells and immune cells has become a hotspot for a great deal of research and one potential immunotherapeutic strategy. The research on tumor-associated immune cells not only aids in investigating the occurrence of TC and explains the mechanism of tumor invasion and metastasis, but also aids in the creation of innovative and effective immunotherapy techniques in the individualized treatment of TC. Therefore, we systematically and comprehensively review the crosstalk between TC and tumor-correlated immune cells, as well as novel ideas for the development of immunotherapy techniques. The functional differences between normal immune cells and tumor-associated immune cells are illustrated in Figure 1.




2. Crosstalk between Thyroid Carcinoma and Tumor-Associated Macrophages


Tumor-associated macrophages (TAMs) are a major type of tumor-infiltrating immune cell. TAMs are divided into two subtypes based on their function: classically activated M1 macrophages and alternatively activated M2 macrophages [16]. The former has typical anti-tumor functions, including direct cytotoxicity and antibody-dependent cell-mediated cytotoxicity. The latter facilitates the production and metastasis of tumor cells and impedes the anti-tumor immune response mediated by T cells, consequently promoting tumor angiogenesis and further triggering tumor deterioration [17]. Both M1 and M2 macrophages are highly plastic, and they are able to transform into each other when TME or treatment changes [18]. In the TME, the expression of M1 markers MHC-II and CD86 is not affected by the presence of tumor cells, while the expression of M2-related markers CD206, CD163, and MerTK are markedly up-regulated in TC. M2-type macrophages can facilitate tumor activity [19]. Notably, M2 macrophages can be divided into M2a (induced by IL-4 or IL-13), M2b (combined with IL-1β or LPS by immune complex), M2c (induced by IL-10, TGF β, or glucocorticoid induction), and M2d (conventional M2 macrophages that play an immunosuppressive role) [20,21,22]. TAMs can influence tumor cell activity, metastasis, and immunosuppression [23]. These polarized TAMs contribute significantly to the crosstalk between TME and TC.



2.1. Cytokine/Chemokine Mediated Crosstalk in Tumor Microenvironment


Immune cells secrete substances called cytokines, which have an effect on other cells. Chemokines, also known as chemotactic cytokines, are one of the superfamilies of cytokines and have directional chemotaxis. Both cytokines and chemokines play a crucial role in TME. As mediators between TAMs and tumor cells, they effectively facilitate tumor deterioration and tumor angiogenesis and remarkably induce macrophages to transform into M2 [24]. In other endocrine tumors, including pancreatic carcinoma, TAMs originating from embryonic hematopoietic cells serve as one of the paramount factors triggering tumor metastasis [25]. Similarly, TAMs have a similar effect on endocrine tumors of thyroid carcinoma. As the initial treatment option following DTC surgery, TSH inhibition is one of the most effective means of preventing tumor recurrence. As confirmed in a study conducted by Song et al., TSH causes the release of VEGF-A via the PI3K/AKT/mTOR or ERK signal pathway, which enhances the expression of CD31, CD163, and CXCL8, thus reinforcing the infiltration of macrophages and promoting tumor angiogenesis and proliferation. As verified in clinical data, patients with high expression of VEGF-A have higher distant metastasis rates and lower disease-specific survival rates [26]. CXCL8, which originates from TAMs, is one of the highest expressed cytokines in the TME of PTC. CXCL8 can facilitate PTC cell transfer through the CXCR1/2 axis [27]. Moreover, this paracrine action can also polarize TAMs toward M2 to some degree [28]. Consequently, the crosstalk mediated by CXCL8 is crucial in the formation of TME of PTC. Targeting CXCL8 may be one of the potential strategies for immunotherapy [29]. Likewise, CXCL16 is also a specific cytokine secreted in the TME of PTC, since it is secreted in minute amounts by individual PTC cell lines or TAMs [30]. Under the stimulation of a conditioned medium co-cultured with PTC and TAMs, the CD163, IL-10, and CD206 of TAMs are up-regulated, and in PTC, CXCR6, a receptor for CXCL16, is activated simultaneously to increase the expression of angiogenesis-related genes (PGF and EGF) and BRAF genes, thereby promoting PTC cell invasion and lymph node metastasis. As a consequence, CXCL16 mediates the crosstalk between PTC and TAMs, and targeted inhibition CXCL16 may be a novel treatment for advanced thyroid carcinoma [31].



The diffuse sclerosis variant of papillary thyroid carcinoma is a unique type of PTC, featured by the extensive invasion of lymphatic vessels and blood vessels by tumor cells [32]. In comparison to classic PTC, TAMs are abundant in infiltrating lymphocytes of diffuse sclerosis variants, and Decoy receptor 3 (DcR3) is overexpressed in a variety of tumors and can facilitate tumor angiogenesis, dendritic cell apoptosis, and regulate the function of TAMs [33]. As a result, DcR3 can propel TAMs to upregulate the membrane surface protein CD163 which induces macrophages to transform into M2. Consequently, DcR3 is critical in the crosstalk of PTC in TAMs [32,34]. M2-TAMs propel the production of IL-6 in PTC and induce the increment of PD-L1 expression by activating the synergistic effect of MAPK and JAK-STAT3 signaling pathways, and finally strengthening the invasion ability of TC [35]. Similarly, by activating the AKT/mTOR-dependent glycolysis pathway, PTC-produced lactic acid increases the production of IL-6, which results in the reprogramming of TAMs [36]. IL-6 is thus the positive recurrent link between PTC and TMEs.



Furthermore, FTC can secrete the CCL15 chemokine to recruit TAMs and construct a tumor microenvironment, while CCL15 expression is low in thyroid adenoma. Consequently, in the TME of FTC, the mechanism by which CCL15 recruits TAMs is central to the research and development of FTC drugs [37]. As has been forcefully proven by existing relevant studies, monocyte chemoattractant protein-1 (MCP-1) in PTC cells, as an attractant chemokine for monocytes, participates in the tumor immune response [38]. In clinical research, Tanaka et al. noticed that the expression level of MCP-1 was positively associated with tumor size and lymph node involvement. Hence, MCP-1 expression promotes tumor invasion and is an independent predictor of PTC recurrence [39]. This exploration also demonstrates that MCP-1 mediates the crosstalk between tumor cells and TAMs in TME.




2.2. Roles of Tumor-Associated Macrophages in the Tumor Microenvironment of Thyroid Carcinoma


TAMs facilitate the escape of thyroid carcinoma from the TME. As demonstrated by Qing et al., the density of TAMs in PTC is noticeably higher in comparison with benign thyroid disease, and M2 is the principal macrophage phenotype. Furthermore, they have found evidence that the polarization of TAMs towards M2 enhances the ability of tumor cells to metastasize and invade lymph nodes [40]. Reactive oxygen species (ROS) are widely believed to cause cell damage, but ROS also play a crucial part in the differentiation of M2 macrophages and TAMs. Moreover, Rabbold et al. observed that TAMs can heighten the synthesis of lipids, thereby inducing the production of ROS. Stimulating toll-like receptor 4 through lipopolysaccharide can augment the expression of cytokines, such as TNF-α, IL-6, and IL-10, and exacerbate TAMs to polarize toward M2, thus affecting tumor cell invasion and angiogenesis [19]. Prostaglandin-endoperoxide synthase in PTC can also promote the secretion of PGE2 and polarize TAMs toward the M2 subtype [41]. BRAF is a cytoplasmic serine-threonine protein kinase, its mutation rate is high in TC [42], and the mutation rates are primarily associated with the recurrence and heightened mortality of TC [43,44]. After conditional activation of BRAF (V600E) in mouse models, the expression of CSF-1 cytokine secreted by TAMs was heightened, which resulted in the recruitment of TAMs by PTC and the transformation of TAMs into M2 type, thereby advancing the development of PTC. Notably, TAMs are a potential therapeutic target for patients with advanced TC [45]. Through in vitro experiments, LV et al. indicated that M2 TAMs in PTC can also act on the Wnt/β-catenin pathway by increasing the secretion of Wnt1 and Wnt3a, thereby promoting the dedifferentiation, proliferation, and metastasis of PTC [46]. Furthermore, TNF-α that originates from TAMs in PTC can propel the expression of IL-32α and IL-32β. Moreover, overexpression of IL-32β increases the expression of IL-8, which is advantageous for the survival of TC cells [47].



CD68 is a TAM marker, and is overexpressed in poorly differentiated thyroid carcinoma (PDTC) and ATC compared to benign or normal thyroid tissues. The higher the malignancy of the tumor, the higher the expression of CD68. In addition to that, the expression of CD68 in PDTC is associated with lymph node metastasis and distant metastasis of carcinoma [48]. In ATC, an increase in TAM content is accompanied by a decrease in survival rate. The elevation of CXCR4 expression will trigger an increase in CD163-positive TAM density [49]. Additionally, TAMs expressing CD68 and CD163 infiltrate ATC cells and produce CD47 to assist tumors in escaping the surveillance of immune cells [50]. As revealed by Zhu et al., methyltransferase-like 3 (METTL3) enhances the expression of STEAP2 through an m6A–YTHDF1-dependent mechanism and then inhibits PTC proliferation and metastasis by inhibiting the Hedgehog signaling pathway and EMT [51]. Nonetheless, a separate study on METTL3 demonstrated that METTL3 expression increases miR-222-3p expression by accelerating the m6A modification of pri-miR-222-3p. In this case, the overexpression of miR-222-3p decreases the expression of serine/threonine stress kinase 4 and enhances the ability of PTC cells to proliferate, form colonies, migrate, and invade, which results in a poor prognosis for patients [52]. Another animal experiment demonstrated that the METTL3/MALAT1/PTBP1/USP8/TAK1 axis can also increase TAM polarization towards M1 [53]. Currently, the effect of METTL3 on TC is controversial, and the mechanism must be further investigated.



In conclusion, carcinoma tissue can recruit a large number of TAMs in TME, which can significantly impact the prognosis of thyroid carcinoma. Cytokines released by tumors can alter the TAM subtype, thereby promoting or inhibiting carcinogenesis.





3. Interaction between Thyroid Carcinoma and Tumor Infiltrating Lymphocytes


The term “tumor-infiltrating lymphocytes” (TILs) refers to white blood cells recruited from blood circulation by tumor tissue. Massive TIL infiltrates indicate that an anti-tumor immune response is taking place in the body [54]. The infiltration of TILs is closely associated with tumor progression. TILs include T cells, B cells, and natural killer (NK) cells. Furthermore, T lymphocytes are classified in accordance with their receptor subunits and their core lineages are labeled CD8 and CD4. The infiltration of CD8+T cells is associated with an increase in the rate of disease-free survival, and the infiltration of CD8+T cells and CD4+T cells is positively associated with the reduction of tumor sizes [14]. Tumor-infiltrating B lymphocytes, including B cells and plasma cells, are also involved in the anti-tumor immune response. Tumor-infiltrating B lymphocytes facilitate the anti-tumor immune response by presenting antigenicity to T cells [55]. NK cells are a paramount part of the innate immune system. NK cells serve as killer cells without prior sensitization and contribute to the formation and metastasis of tumors through the production of T helper cell type 1 or cytokines, growth factors, and chemokines [56].



3.1. Interaction between Tumor Infiltrating Lymphocytes and Papillary Thyroid Carcinoma


Indoleamine 2,3-dioxygenase (IDO) has been demonstrated to be overexpressed in a myriad of carcinomas and associated with T lymphocytes in TMEs [57]. IDO inhibitors can simultaneously be used as a drug to improve the therapeutic effect of carcinoma [58,59]. The expression of IDO is high in thyroid micropapillary carcinoma and the expression of IDO is significantly correlated with the decline of CD3+TIL and the augmentation of FOXP3+TIL. In particular, promoting the increment of FOXP3+TIL, lessening the infiltration of CD3+T, and weakening the immune response are associated with enhanced invasion of thyroid micropapillary carcinoma [60]. Triggering the receptor expressed on myeloid cells (TREM), which belongs to the immunoglobulin superfamily that is expressed by bone marrow cells, plays a key role in immune response [61]. In addition, the expression of TREM1 in PTC is heightened and correlated with BRAF. Thus, hypomethylation of TREM1 will increase the recurrence of PTC. Overexpression of TREM in regulatory T cells (Tregs) leads to increased PTC infiltration, which in turn promotes the progression of PTC [62]. Through in vitro experiments, French et al. illustrated that Tregs are enriched in the metastatic lymph nodes of PTC patients, indicating that the recruitment of Tregs is part of the invasiveness of PTC [63].



Transmembrane protein receptor PD-1, also known as CD279, is associated with programmed cell death [64]. PD-L1, also recognized as CD274, is one of the ligands of PD-1 [65]. Both of them are involved in the maintenance of immune homeostasis. Blocking PD-1 signaling can significantly increase the tumor’s immune evasion ability [66]. As demonstrated by previous studies, carcinoma can inhibit the host immune response by promoting the combination of PD-1 and PD-L1 [67]. Notably, PD-1’s ability to transmit inhibitory signals effectively promotes the development and function of Tregs and inhibits autoimmunity [68]. As French’s team also demonstrated, the increased expression of Tregs and PD-1 (+) T cells in PTC lymphocytes elevate the probability of tumor invasion and recurrence probability [69]. According to an experiment conducted by Wang et al., the levels of PD-L1 and PD-1 are strikingly heightened in children with PTC. Additionally, by connecting with PD-1 expressed on the surface of CD8+T cells, extract vascular programmed death-ligand 1 could inhibit the activation of CD8+T cells and reduce tumor immunity [70]. CXCR5+/CD8+ T cells have been shown to correlate with a good prognosis of gastric carcinoma and liver carcinoma [71,72]. Zhou et al. noticed that when CD8+T cells in PTC were infiltrated by CXCR5, the expression of PD-1 was heightened. Furthermore, an increase of a series of cytokines (including IL-2, IFN-γ, and TNF-α) promotes lymphocyte proliferation and subsequently affects tumor deterioration [73]. TILs can impel tumor deterioration through the expression of IDO and PD-1, and corresponding research should investigate additional therapeutic targets.



Cyclo-oxygenase-2(COX-2) is a crucial component of the inflammatory response and is also involved in the deterioration of a myriad of carcinomas. The elevated expression of COX-2 facilitates tumor invasion and angiogenesis and is linked to lymph node metastasis [74]. Thereafter, the expression of COX-2 in PTC is affected by hepatocyte growth factor and Met protein. The elevated expression of COX-2 results in an augmented invasion of tumor cells and lymph node metastasis [75,76]. Moreover, COX-2 inhibits tumor immunity by reducing the cytolytic activity of CD8+ T cells, which results in a poor prognosis for DTC patients [77]. Indoleamine 2,3-dioxygenase 1 (IDO1) is an immunosuppressive enzyme which can degrade tryptophan, and the expression of IDO1 is closely related to COX-2 [78]. By reducing the expression of constitutive IDO1, COX-2 inhibitors can enhance the efficacy of carcinoma immunotherapy strategies [79].



Apolipoprotein E (APOE) is a kind of apolipoprotein produced in diverse tissues, which can form lipoproteins by combining with lipids, and transport them to various tissues and organs of the body. It is commonly believed to be linked to Alzheimer’s disease and atherosclerosis [80]. In animal experiments, Tavazoie et al. have proved that the LXR/APOE axis participates in immune response and enhances anti-tumor ability by enhancing lymphocyte activation [81]. According to the most recent study by Lin et al., APOE could increase the infiltration of B cells, CD8+T cells, and other immune cells [82]. Furthermore, Huang et al. discovered that fat mass and affinity-associated protein (FTO) could inhibit m6A methylation of APOE and subsequently hinder the glycolysis of PTC through the IL-6/JAK2/STAT3 signal pathway to inhibit tumor growth [83]. Zheng et al. noticed that the high expression of AHNAK nucleoprotein 2 in PTC reduced the infiltration of CD8+T cells, whereas the infiltration of Tregs was increased [84]. In addition, the density of TILs is increased in PTC with the BRAF V600E mutation [85], while the infiltration of CD8+ T cells is reduced [86]. These changes ultimately drive the progression of PTC and further affect patient outcomes.



As the first congenital lymphoid cells to be identified, NK cells can kill cells and produce proinflammatory factors [87]. NK cells are usually classed into two subpopulations based on the expression of CD56 and CD16 on the cell membrane surface [88]. The most representative NK cell subsets are CD56brightCD16− and CD56dimCD16+ populations, which are associated with most functions of NK cells [89]. CD56bright and CD56dim have the functions of producing cytokines and cytolytics, respectively [90]. Through in vitro experiments, Gogali et al. determined that the infiltration of CD3−CD16+CD56dim NK cells was positively correlated with the progress of PTC, and the infiltration of CD3−CD16−CD56bright NK cells showed a negative correlation with the incidence and development of PTC [91]. These results supported the correlation between TILs and PTCs.




3.2. Interaction between Tumor Infiltrating Lymphocytes in Follicular Thyroid Carcinoma


It should be noted that the TILs in FTC play the same role in PTC. Arif et al. noticed during an in vitro study that interstitial lymphocytes infiltrated extensively in FTC [92]. PD-L1, produced by tumor cells and tumor-correlated immune cells, takes part in the progression of numerous carcinomas. Current research indicates that PD-L1 suppresses the anti-tumor immune response by inhibiting the activation of T cells, which is the most common blocking target of immune checkpoints [93]. Saburi et al. noticed that PD-L1 was highly expressed in FTC, and its expression was higher in the invasive edge of the tumor and the infiltrating tumor-correlated immune cells than in the tumor center, which may be linked to the high concentration of T cells in this region [94]. Anti-PD-1 therapy has become one of the most effective treatments for advanced TC [95]. As a marker of primary Tregs in carcinoma and autoimmune diseases, FOXP3 is expressed in activated T cells. FOXP3+ T cells express low levels of cytokines in the tumor microenvironment, which contributes to tumor immune evasion [96]. Chu et al. have proved that Foxp3 had increased expression in PTC and FTC and promoted cell proliferation and migration. Inhibition of Foxp3 leads to a rise in expression and activity of PPARγ, as well as lowering the expression of NF-κB and Cyclin D1, which inhibit tumor growth and migration and promote cell apoptosis. This provides a new targeted treatment option for thyroid carcinoma [97]. Moreover, IDO1 is an enzyme that catalyzes the oxidative cleavage of tryptophan. Its decrease stimulates the proliferation of effector T lymphocytes and the maturation of Tregs [98]. A cellular experiment implemented by Moretti revealed that IDO1 is expressed primarily in thyroid carcinoma tissues and more highly expressed in invasive types. Furthermore, co-culture experiments indicated that the expression of IDO1 inhibited the proliferation of activated T lymphocytes in the tumor microenvironment, consequently affecting the development and occurrence of tumors [99].




3.3. Interaction between Tumor Infiltrating Lymphocytes in Anaplastic Thyroid Carcinoma


TILs also play an important role in ATC. The IFNγ-JAK2 signaling pathway in ATC promotes tumor metastasis by regulating the augmented expression of ICAM1 and PD-L1 [100]. Moreover, Wang found that the expression of UCA1 was heightened in ATC, which can propel the expression of PD-L1 by targeting miR-148a and diminishing the killing ability of CD8+T cells and the secretion of cytokines, before eventually leading to the weakness of the tumor immune response [101].



Lymphocyte-to-monocyte ratio (LMR), defined as the absolute lymphocyte count divided by the absolute monocyte count, NK cell likewise affects the progress of TC. Current studies show that LMR correlates with the prognosis of multiple carcinomas [102]. As indicated by Ahn et al.’s study, among those patients with radioiodine refractory differentiated thyroid carcinoma considered with sorafenib, patients with high LMR have higher overall survival (OS) and progression-free survival (PFS) than patients with low LMR. LMR may therefore be a prognostic biomarker for patients with radioiodine-resistant differentiated thyroid carcinoma [103].



Apart from that, LMR can reflect host immune function and TAM infiltration in ATC. Low-LMR patients have a low survival rate [104]. NK cells, which are effector lymphocytes in the innate immune system, can promote the development of anti-tumor response [105]. PGE2 was found to interfere with the aggregation of immune cells in tumors by blocking the early activation of tumor-derived NK cells [106]. In comparison with PTC, Park et al. noticed that PGE2 was highly expressed in ATC. PGE2 secreted by tumor cells inhibits the expression of NK cell-activated receptors by blocking EP2 and EP4 receptors on the surface of NK cells. Simultaneously, PGE2 inhibits the functional maturation and cytotoxicity of NK cells [107]. The fundamental experiment conducted by Wennerberg et al. demonstrated that ATC cells were sensitive to the cleavage of NKG2D-positive NK cells, and the ATC cells could attract CXCR3-positive NK cells. PGE2 can inhibit COX2-positive ATC from recruiting NK cells [108]. These experiments demonstrate that PGE2 can accelerate the progression of TC by inhibiting NK cells, and PGE2 can be used as a new therapeutic target for TC patients.





4. Crosstalk between Thyroid Carcinoma and Cancer-Associated Fibroblasts


Generally speaking, cancer-associated fibroblasts (CAFs) are defined as fibroblasts inside or around tumors. CAFs exert a paramount influence on the construction as well as the remodeling of the extracellular matrix and play a vital part in the metabolism and immune reprogramming of the tumor microenvironment. CAFs also can secrete several chemokines that promote tumor invasion and metastasis and the occurrence of anti-tumor immunity [109], as well as enhance tumor chemotherapy resistance in tumors [110]. Nevertheless, CAFs can also be negative regulators in tumor development [111]. Due to this, immunotherapy-targeted CAFs have become a hot topic in carcinoma treatment [112,113].



4.1. Crosstalk between Cancer-Associated Fibroblasts and Thyroid Carcinoma


By carrying out their immunohistochemical study, Cho et al. discovered that CAFs were widely present in PTC. In addition, a multivariate analysis revealed that CAFs were independent risk factors for lymph node metastasis in PTC. Hence, CAFs can be used as predictive markers of lymph node metastasis in PTC patients [114]. Wen et al. noticed that the density of CAFs and the degree of differentiation of thyroid carcinoma were correlated with a poor prognosis [115]. By carrying out in vivo experiments, Saitoh et al. determined that CAFs facilitated the growth of thyroid carcinoma cells in vivo and in vitro in the thyroid gland. On this basis, they hypothesized that this facilitation was due to the release of soluble factors [116]. Fozzatti et al. provided an additional explanation for the above speculation. By co-culturing ATC cells with CAFs in vitro, they noticed that CAF-conditioned medium could facilitate the proliferation and invasion of thyroid carcinoma cells. They also discovered that this effect could propel the EMT of thyroid carcinoma cells. ROS and IL-6 are known to affect the activation and differentiation of CAFs. In the co-culture system, the secretion level of these two components was increased. As a consequence, CAFs may shift phenotype and function by secreting IL-6 and ROS and thereby increase the aggressiveness of thyroid carcinoma [117].



Fibroblast growth factor (FGF), typically secreted by endothelial cells, can facilitate the growth of CAFs. FGF has been shown to play a pivotal role in multifarious carcinomas. An abnormal FGF signal will push tumor development by promoting tumor cell proliferation and tumor angiogenesis [118]. FGF19 is a member of the FGF family of endocrine factors and has been proven to play a crucial role in a variety of carcinomas [119,120,121]. By detecting the immunohistochemical characteristics of TC patients, Zhang et al. discovered that FGF19 was highly expressed in TC tissues and was associated with malign behaviors including tumor invasion and lymph node metastasis. Accordingly, FGF19 can be employed as a molecular marker for early diagnosis and a target for therapeutic intervention [122]. Moreover, FGFR-1-4 is expressed in normal thyroid tissue and plays a part in promoting or inhibiting carcinoma progression, according to Bernard et al. [123,124]. The content of FGF21 in PTC patients is comparatively high, and FGF21 can promote tumor deterioration by activating the FGFR signal axis to upregulate EMT signal transduction. The level of FGF21 is bound up with metabolism, and FGF21 also mediates obesity in PTC patients [125]. Simultaneously, Kondo et al. have founded that FGF7 stimulates endogenous FGFR2-IIIb, which gives rise to DNA methylation and chromatin modification to decrease the expression of MAGE-A3/6, and thereby inhibits tumor growth [126]. However, research on the role of CAFs in regulating of thyroid carcinoma remains insufficient. Therefore, future research must continue to concentrate on this topic.




4.2. Crosstalk between Thyroid Carcinoma and Cancer-Associated Fibroblasts


Maternally expressed gene 3 (MEG3) is a chain of noncoding RNA that plays a significant role as a tumor suppressor in tumors [127]. Dadafarin et al. found that MEG3 expression level suggested infiltration of CAFs in PTC [128]. Tumor cells will secrete fibroblast activating factors through signal transduction for the purpose of driving the recruitment and activation of fibroblasts. The chemokine growth-regulated oncogene 1 (Gro-1) can induce the senescence of fibroblasts [129], and IL-6 can stimulate the activation of CAFs in prostate carcinoma [130]. In addition, ROS has been shown to promote the transformation of fibroblasts into CAFs and facilitate the activation of CAFs [131]. BRAF mutation is the most prevalent genetic alteration in TC, and are usually accompanied by increased aggressiveness. BRAF mutation can also trigger the down-regulation of tumor suppressor genes as well as the up-regulation of carcinoma-promoting molecules [132,133]. Through immunohistochemical staining, Minna et al. discovered that in BRAF-mutated TCs (including PTC, PDTC, and ATC), CAFs were enriched in the invasion edge as well as senescent TC cells. Their interaction facilitated local tumor invasion [134]. Moreover, activation of BRAF can facilitate the secretion of CAF migration factors, thus giving rise to increased CAF recruitment and the enhancement of CAF’s value-added and migration capacities [135]. All of the aforementioned findings indicate that the feasibility of developing new therapies targeted at CAFs to expand current treatment methods and improve TC patient prognoses.





5. Crosstalk between Thyroid Carcinoma and Other Immune Components in the Tumor Microenvironment


5.1. Role of Tumor-Associated Dendritic Cells in the Tumor Microenvironment of Thyroid Carcinoma


Tumor-associated dendritic cells (TADCs) are humans’ most effective antigen-presenting cells. Carcinoma cells can act on TADCs and affect the immunity of TADCs to tumors by producing cytokines. Immunotherapy related to TADCs has received increasing attention [136]. In tumor tissue, macrophage inflammatory protein-3α, serving as a chemokine, can recruit immature TADCs to the injured site and maintain the immune response by capturing antigens [137]. Tsuge et al. determined that macrophage inflammatory protein-3α was strongly expressed in PTC [138], which demonstrates that a multitude of immature TADCs accumulate in PTC. Moreover, TADCs highly express TSHα and TSHβ2, which can facilitate the proliferation and invasion of tumor cells and the occurrence of immune evasion [139]. Bergdorf discovered a correlation between the content of TADCs and the histological subtype, mutation status, T stage, and lymph node metastasis of PTC. Furthermore, the greater the concentration of TADCs, the greater the invasiveness of PTC [140]. In the future, more in-depth research is needed to explain the mechanism of TADCs in PTC progress.




5.2. Role of Mast Cells in the Tumor Microenvironment of Thyroid Carcinoma


Mast cells (MCs) are immune cells that originate from bone marrow and are extensively distributed in nearly all normal tissues and human carcinomas [141]. PTC with BRAF V600E mutation showed heightened MC infiltration [86], as BRAF mutation was bound up with the deterioration of thyroid carcinoma [142]. Consequently, the infiltration of MCs may hinder the development of TC. Melillo illustrated that the density of MCs in thyroid carcinoma was higher than that in normal thyroid tissue. Moreover, MCs release TNF- α, IL-6, IL-8, and other cytokines to facilitate the proliferation and invasion of carcinoma cells, thereby stimulating the development and spread of thyroid carcinoma [143]. Visciano found that MCs could stimulate Akt phosphorylation and Slug expression in TC by releasing IL-8 and maintain EMT and stemness of TC, where the density of MCs positively correlates with tumor stemness [144]. IL-8 blockade can therefore be used to treat patients with advanced TC. Finally, immunotherapy for MCs is a promising area of research.




5.3. Role of Tumor-Associated Neutrophils in the Tumor Microenvironment of Thyroid Carcinoma


Tumor-associated neutrophils (TANs) play a vital part in innate and adaptive immunity [145]. TANs can also affect the progress of carcinoma. However, the specific role of TANs in tumor development is still controversial [146,147]. Galdiero et al. discovered that immune cells from TC could recruit and activate TANs by producing cytokines [148]. Additionally, N6 methyl adenosine (m6A) is a ubiquitous internal modifier in eukaryotic mRNA, which can influence the metabolism and maturation of mRNA [149]. Methyltransferase such as 3 METTL3 is a methyltransferase complex which has been proven to play a paramount role in carcinoma progression [150,151]. Moreover, He et al. observed that a decrease in METTL3 could encourage PTC to produce IL-8 to recruit TANs and eventually promote PTC progress [152]. Cristinziano found that in ATC, cancer cells could produce the soluble mediators CXCL8/IL-8 and ROS to induce TANs to release neutrophil extracellular DNA traps (NETs), a network of cytosols and granulin, and promote the growth of cancer cells [153,154]. Overall, TANs can facilitate the progression of thyroid carcinoma. More importantly, inhibiting TANs is an optional method for improving the prognosis of thyroid carcinoma patients in the future.



The crosstalk between tumor-associated immune cells and PTC and ATC is described in Figure 2.





6. Potential Therapeutic Targets and Mechanisms of Thyroid Carcinoma Therapy


6.1. Targeted Drugs Approved in Thyroid Carcinoma


Targeted therapy for TC is mostly derived on the basis of other tumor treatments and is usually used in the treatment and research of advanced thyroid carcinoma. These targeted drugs approved by the U.S. Food and Drug Administration (FDA) for clinical immunotherapy of TC can be categorized into two parts: receptor tyrosine kinase inhibitors, which can block tumor growth signals, and tropomyosin receptor kinase inhibitors, which can block proteins required for cell growth. These approved targeted drugs are reviewed here, including the drug’s nature, dose, target, and adverse effects (Table 1).



As a potent inhibitor for multiple DTC receptor tyrosine kinases, Cabozantinib can inhibit MET, RET, and VEGFR phosphorylation as well as VEGF-induced tumor cell invasion, metastasis, and endothelial cell tube formation [155,156]. Cabozantinib has been approved for treating patients aged 12 years and older with locally terminal or metastatic DTC [157], based on the results of an international randomized double-blind trial. The study found that Cabozantinib significantly extended PFS in the intention-to-treat population compared to placebo [158]. Pralsetinib, another kinase inhibitor, can inhibit RET fusions and mutations [159] and has been indicated for the treatment of RET-mutant MTC as well as RET fusion-positive thyroid carcinoma [160]. The approval was on the basis of a multi-center, multi-queue clinical trial which demonstrated that the reaction rate of pralsetinib in patients with untreated RET-mutant MTC is 71%, whereas the overall reaction rate in patients with RET fusion-positive thyroid carcinoma receiving radioiodine treatment is 89% [161].



Lenvatinib inhibits VEGF, FGF, KIT, RET, and other growth factors, and it has anti-lymphangiogenic and anti-angiogenic activity [162]. Lenvatinib has been approved for patients with RR-DTC [163]. The approval was based on a randomized controlled trial in which Lenvatinib positively impacted remission rates and prolonged PFS in comparison to placebo [164]. Another targeted drug approved for locally relapsed or metastatic RR-DTC is sorafenib, which can inhibit VEGFR1, VEGFR2, VEGFR3, RET, and RAF [165]. A multicenter study found that the median PFS of patients treated with sorafenib was substantially longer than that of the placebo group [166].



Selpercatinib can inhibit wild-type and mutant RET as well as VEGFR1, VEGFR3, FGFR1, FGFR2, and FGFR3. Consequently, the FDA has approved it for patients with RET-mutant MTC and RET-positive thyroid carcinoma [167]. The approval was based on a multicenter, multi-queue trial that demonstrated that approximately 70% of MTC patients had an objective response to Selpercatinib and that almost all patients experienced regression of their tumors [168]. Vandetanib, an inhibitor of RET, VEGFR, and EGFR, was approved for terminal, unresectable, or metastatic MTC [169]. Furthermore, the approval was based on a randomized controlled trial. The result demonstrated obvious advantages to vandetanib in PFS, objective remission rates, disease control rates, and biochemical response [170].



Larotrectinib can competitively inhibit TRKA, TRKB, and TRKC [171], a use which has been approved in patients with NTRK mutation-positive solid tumors [172]. The trial demonstrted that Larotrectinib has a sustained anti-tumor effect in adult and pediatric patients, with PFS reaching 69% at 24 months [173]. Another drug approved for patients with solid tumors with NTRK mutations is Entrectinib [174], which can inhibit TRKA, TRKB, and TRKC, as well as ROS1 and ALK [175]. Compared to the control group, entrectinib-treated patients demonstrated a higher ORR and longer-lasting response in the test [176].



Dabrafenib and Trametinib serve as BRAF and MEK inhibitors respectively. Both have been approved for the treatment of BRAF V600E mutant locally terminal or metastatic ATC [177]. The combined treatment improves overall remission rates, duration of response and overall survival, and the toxicity is manageable [178].



Current research has made tremendous strides; however, specific targeting drugs for progressive/invasive thyroid carcinoma remain under-researched. It is unknown whether targeted drug combinations can improve efficacy and safety. In the future, more clinical trials are needed to elucidate the efficacy and adverse effects of these drugs and to verify findings in more models [179]. In addition, the feasibility of treatment and the subsequent impact of treatment remains an issue that cannot be ignored [180].
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Table 1. Carcinoma drugs approved by the food and drug administration (FDA) for thyroid carcinoma.
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	Drug
	FDA-Approved Indication
	Mechanism of Action
	Dosage
	Efficacy
	Mechanism of Action: Targets
	Common Adverse Events
	References





	Cabozantinib
	adult and pediatric patients 12 years of age and older with locally advanced or metastatic differentiated thyroid carcinoma
	receptor tyrosine kinase inhibitor
	140 mg/day
	PFS: 11.0 months

ORR: 18%
	MET, VEGFR1, VEGFR2, VEGFR3, AXL, RET, ROS1, TYRO3, MER, KIT, TRKB, FLT3, TIE2
	diarrhea, pleural effusion, pulmonary embolism, dyspnea
	[157]



	Pralsetinib
	adult and pediatric patients ≥12 years of age with advanced or metastatic RET-mutant MTC who require systemic therapy

adult and pediatric patients ≥12 years of age with advanced or metastatic RET fusion–positive thyroid carcinoma who require systemic therapy and who are radioactive iodine-refractory
	receptor tyrosine kinase inhibitor
	400 mg/day
	ORR: 89%
	DDR1, TRKC, FLT3, JAK1, JAK2, TRKA, VEGFR2, PDGFRb, FGFR1
	increased AST (34%), anemia (24%), increased ALT (23%), constipation (23%), hypertension (22%)
	[160]



	Lenvatinib
	locally recurrent or metastatic, progressive, radioactive iodine-refractory differentiated thyroid carcinoma
	receptor tyrosine kinase inhibitor
	24 mg/day
	PFS: 18.3 months

ORR: 65%
	VEGFR1, VEGFR2, VEGFR3, FGFR1, FGFR2, FGFR3, FGFR4, PDGFRα, KIT,RET
	Hypertension (73%), fatigue (67%), diarrhea (67%), arthralgia/myalgia (62%), decreased appetite (54%), decreased weight (51%), nausea (47%), stomatitis (41%), headache (38%), vomiting (36%)
	[163]



	Sorafenib
	patients with progressive radioactive iodine-refractory differentiated thyroid carcinoma
	receptor tyrosine kinase inhibitor
	400 mg/day
	PFS: 10.8 months

ORR: 12.2%
	RAF, VEGFR1, VEGFR2, PDGFRβ
	hyperglycemia, fatigue, anemia, oral mucositis
	[166]



	Selpercatinib
	adult and pediatric patients ≥12 years of age with advanced or metastatic RET-mutant MTC who require systemic therapy

adult and pediatric patients ≥12 years of age with advanced or metastatic RET fusion–positive thyroid carcinoma who require systemic therapy and who are radioactive iodine-refractory
	receptor tyrosine kinase inhibitor
	160 mg twice a day
	ORR: 100%
	RET, VEGFR, VEGFR3, FGFR1, FGFR2, FGFR3
	dry mouth, diarrhea, constipation, nausea, abdominal pain, vomiting
	[167]



	Vandetanib
	symptomatic or progressive medullary thyroid carcinoma in patients with unresectable, locally advanced, or metastatic disease
	receptor tyrosine kinase inhibitor
	300mg/day
	ORR: 44%
	RET, EGFR, VEGFR1, VEGFR2, VEGFR3
	diarrhea, hypocalcemia, asthenia, QTc prolongation, hypokalemia, keratopathy
	[169]



	Larotrectinib
	adult and pediatric patients whose carcinomas harbor neurotrophic receptor tyrosine kinase gene fusions
	tropomyosin receptor kinase inhibitor
	adult and pediatric: BSA of ≥1 m2 s 100 mg twice daily

pediatric: BSA of <1 m2 iss 100 mg/m2

twice daily
	ORR: 75%
	TRKA, TRKB, TRKC
	increased AST level (45%), increased ALT level (45%), anemia (42%), fatigue (37%), nausea (29%), dizziness (28%), vomiting (26%), cough (26%), constipation (23%), diarrhea (22%)
	[172]



	Entrectinib
	adult and pediatric patients whose carcinomas harbor neurotrophic receptor tyrosine kinase gene fusions
	tropomyosin receptor kinase inhibitor
	Pediatric: 600mg/day(BSA>1.50 m2), 500mg/day (BSA: 1.11–1.50 m2) and 400mg/day (BSA:0.91–1.10 m2)

Adult: 600 mg/day
	ORR: 57%
	TRKA, TRKB, TRKC, ROS1, ALK, JAK2, TNK2
	pulmonary infections, weight gain, dyspnea, fatigue/asthenia, cognitive disorders, syncope, pulmonary embolism, hypoxia, pleural effusion, hypotension, diarrhea, urinary tract infections
	[174]



	Dabrafenib
	treatment with trametinib in patients with locally advanced or metastatic BRAF V600E–mutated ATC.
	BRAF inhibitor
	150 mg/day
	ORR: 69%
	BRAF
	fatigue (38%), pyrexia (37%), nausea (35%)
	[177]



	Trametinib
	treatment with dabrafenib in patients with locally advanced or metastatic BRAF V600E–mutated ATC.
	MEK inhibitor
	2 mg/day
	ORR: 69%
	MEK1, MEK2
	fatigue (38%), pyrexia (37%), nausea (35%)
	[177]







ORR: overall response rate. PFS: progression-free survival.












6.2. Advances in Clinical Drug Research of Thyroid Therapy


In the past two decades, breakthroughs have been made in the study of the mechanism of aggressive TC, and many clinical trials related to targeted therapy have been conducted. This section will discuss some of the drugs in clinical trials, including their target sites, experimental phases, doses, effects and common adverse effects (Table 2).



Pazopanib can inhibit angiogenesis by inhibiting VEGFR, PDGFR, and c-Kit signaling [181]. In a phase II study, the median PFS and overall survival of RR-DTC patients in the experimental group were 11.4 and 2.6 months, respectively. The partial remission rate was 36.7%, and Pazopanib shows high clinical activity in patients with RR-DTC [182]. Additionally, another study on pazopanib revealed that intermittent treatment did not demonstrate obvious superiority to continuous treatment in terms of efficacy or tolerability [183]. Anlotinib is another drug that targets VEGFR, FGFR, PDGFR, and c-Kit and which inhibits angiogenesis and cell multiplication [184,185]. Compared with the control group, Anlotinib-treated patients with advanced thyroid cancer had an ORR of 76.9%. Anlotinib shows significant antitumor activity [186]. As a BRAF mutation inhibitor [187], in a study with seven subjects, the combination of vemurafenib and CDX-3379 was found to enhance the safety and efficacy of RAI uptake [188].



Apatinib, Surufatinib, and Donafenib all can inhibit VEGFR activity. Apatinib inhibits the kinase activity of VEGFR2 and cellular phosphorylation [189]. In comparison with the controlled trial with placebo, PFS lasted substantially longer and was safer in the experimental group [190]. Moreover, Surufatinib can target VEGFR1, VEGFR2, VEGFR3, FGFR1, and CSF1R [191]. An experiment of 77 patients demonstrated that Surufatinib has better efficacy and is safer for patients with locally terminal or metastatic MTC, RR-DTC, or locally terminal unresectable recurrences who cannot receive RAI [192]. Donafenib inhibits RAF phosphorylation and cuts off VEGFR and PDGFR signaling [193]. In a randomized multicenter phase II trial, patients with RR-DTC treated with Donafenib exhibited improved efficacy and safety [194].



Selumetinib can inhibit MEK1 and MEK2 [195]. In the phase III randomized controlled trial, there was no statistically significant difference between the experimental and control groups in terms of CR values among patients with DTC [196]. In this way, the drug dose needs to be reconsidered. Lenvatinib has been approved for treating patients with RR-DTC [162]. Nonetheless, the efficacy of lenvatinib against unresectable ATC is unsatisfactory because of the low survival rate and high incidence of adverse reactions. Lenvatinib’s efficacy in ATC patients must be explored more through additional studies [88].





[image: Table] 





Table 2. Ongoing clinical trials with anti-thyroid carcinoma drug.
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	Drug
	Mechanism of Action: Target(s)
	Stage of Development
	Dosage
	N
	PR
	PFS (Months)
	Common Adverse Events
	Trial Identifier
	References





	Pazopanib
	VEGFR, PDGFR, c-kit
	II
	600 mg
	60
	36.7%
	11.4
	hypertension (21.7%), fatigue (8.3%), neutropenia (8.3%)
	NCT00625846
	[182]



	Anlotinib
	VEGFR, PDGFR, GFR, c-Kit
	IIB
	12 mg
	91
	48.4%
	20.7
	palmar–plantar erythrodysesthesia syndrome (62.9%), proteinuria (61.3%), hypertriglyceridemia (48.4%), hypertension (46.8%), diarrhea (40.3%)
	NCT02586350
	[186]



	vemurafenib
	BRAF
	I
	960 mg
	7
	N/A
	N/A
	maculopapular rash, diarrhea, arthralgia, HFS, nausea, alkaline phosphatase elevation
	NCT02456701
	[188]



	Apatinib
	VEGFR2
	III
	500 mg
	92
	54.3%
	22.2
	hypertension (34.8%), palmar plantar syndrome (17.4%), proteinuria(15.2%), diarrhea (15.2%)
	NCT03048877
	[190]



	Surufatinib
	VEGFR1, VEGFR2, VEGFR3, FGFR1, CSF1R
	II
	300 mg
	59
	23.2%
	11.1
	hypertension (20.3%), proteinuria (11.9%), elevated blood pressure (5.1%), hypertriglyceridemia (5.1%), pulmonary inflammation (5.1%)
	NCT02614495
	[192]



	Donafenib
	VEGFR, PDGFR
	II
	200 mg

300 mg
	35
	200 mg 12.5%

300 mg 13.33%
	200 mg 9.44

300 mg 14.98
	palmar plantar syndrome (82.86%), alopecia (71.43%), hypertension (45.71%)
	NCT02870569
	[194]



	Selumetinib
	MEK1, MEK2
	III
	75 mg
	233
	CR 40%
	18
	dermatitis acneiform (45%), diarrhea (44%), fatigue (29%), nausea (29%), edema peripheral (19%), pruritus (14%), hypertension (13%), rash maculopapular (12%), stomatitis(11%)
	NCT01843062
	[196]



	lenvatinib
	VEGF1, VEGF2, VEGF3, FGF1, FGF2, FGF3, FGF4, PDGFα, RET, KIT
	II
	24 mg
	42
	9.5%
	7.4
	loss of appetite (48.0%), fatigue (48.0%), hypertension (44.0%), palmar–plantar erythrodysesthesia syndrome (26.0%)
	NCT02726503
	[88]







PR: Partial Response. PFS: Progression-Free Survival.
















Author Contributions


Data curation, M.S.; Writing—original draft; preparation: Q.L. and W.S.; Writing—review and editing, H.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China under Grant 81902726, the Applied Basic Research Program of Liaoning Province under Grant 2022020225-JH2/1013 and the Science and Technology Project of Shenyang City under Grant 21-173-9-31.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Miller, K.D.; Fidler-Benaoudia, M.; Keegan, T.H.; Hipp, H.S.; Jemal, A.; Siegel, R.L. Cancer statistics for adolescents and young adults, 2020. CA Cancer J. Clin. 2020, 70, 443–459. [Google Scholar] [CrossRef] [PubMed]

	



Lim, H.; Devesa, S.S.; Sosa, J.A.; Check, D.; Kitahara, C.M. Trends in Thyroid Cancer Incidence and Mortality in the United States, 1974–2013. JAMA 2017, 317, 1338–1348. [Google Scholar] [CrossRef]

	



Megwalu, U.C.; Moon, P.K. Thyroid Cancer Incidence and Mortality Trends in the United States: 2000–2018. Thyroid 2022, 32, 560–570. [Google Scholar] [CrossRef] [PubMed]

	



Molinaro, E.; Romei, C.; Biagini, A.; Sabini, E.; Agate, L.; Mazzeo, S.; Materazzi, G.; Sellari-Franceschini, S.; Ribechini, A.; Torregrossa, L.; et al. Anaplastic thyroid carcinoma: From clinicopathology to genetics and advanced therapies. Nat. Rev. Endocrinol. 2017, 13, 644–660. [Google Scholar] [CrossRef] [PubMed]

	



Weber, M.; Kersting, D.; Riemann, B.; Brandenburg, T.; Führer-Sakel, D.; Grünwald, F.; Kreissl, M.C.; Dralle, H.; Weber, F.; Schmid, K.W.; et al. Enhancing Radioiodine Incorporation into Radioiodine-Refractory Thyroid Cancer with MAPK Inhibition (ERRITI): A Single-Center Prospective Two-Arm Study. Clin. Cancer Res. 2022, 28, 4194–4202. [Google Scholar] [CrossRef]

	



Molenaar, R.J.; Pleyer, C.; Radivoyevitch, T.; Sidana, S.; Godley, A.; Advani, A.S.; Gerds, A.T.; Carraway, H.E.; Kalaycio, M.; Nazha, A.; et al. Risk of developing chronic myeloid neoplasms in well-differentiated thyroid cancer patients treated with radioactive iodine. Leukemia 2018, 32, 952–959. [Google Scholar] [CrossRef]

	



Silva-Vieira, M.; Carrilho Vaz, S.; Esteves, S.; Ferreira, T.C.; Limbert, E.; Salgado, L.; Leite, V. Second Primary Cancer in Patients with Differentiated Thyroid Cancer: Does Radioiodine Play a Role? Thyroid 2017, 27, 1068–1076. [Google Scholar] [CrossRef]

	



Tuttle, R.M.; Ahuja, S.; Avram, A.M.; Bernet, V.J.; Bourguet, P.; Daniels, G.H.; Dillehay, G.; Draganescu, C.; Flux, G.; Führer, D.; et al. Controversies, Consensus, and Collaboration in the Use of (131)I Therapy in Differentiated Thyroid Cancer: A Joint Statement from the American Thyroid Association, the European Association of Nuclear Medicine, the Society of Nuclear Medicine and Molecular Imaging, and the European Thyroid Association. Thyroid 2019, 29, 461–470. [Google Scholar] [CrossRef]

	



Tuttle, R.M. Controversial Issues in Thyroid Cancer Management. J. Nucl. Med. 2018, 59, 1187–1194. [Google Scholar] [CrossRef]

	



Ferrari, S.M.; Fallahi, P.; Galdiero, M.R.; Ruffilli, I.; Elia, G.; Ragusa, F.; Paparo, S.R.; Patrizio, A.; Mazzi, V.; Varricchi, G.; et al. Immune and Inflammatory Cells in Thyroid Cancer Microenvironment. Int. J. Mol. Sci. 2019, 20, 4413. [Google Scholar] [CrossRef]

	



Hinshaw, D.C.; Shevde, L.A. The Tumor Microenvironment Innately Modulates Cancer Progression. Cancer Res. 2019, 79, 4557–4566. [Google Scholar] [CrossRef]

	



Proietti, A.; Ugolini, C.; Melillo, R.M.; Crisman, G.; Elisei, R.; Santoro, M.; Minuto, M.; Vitti, P.; Miccoli, P.; Basolo, F. Higher intratumoral expression of CD1a, tryptase, and CD68 in a follicular variant of papillary thyroid carcinoma compared to adenomas: Correlation with clinical and pathological parameters. Thyroid 2011, 21, 1209–1215. [Google Scholar] [CrossRef]

	



Di Cristofano, A. The Year in Basic Thyroid Cancer Research. Thyroid 2022, 32, 3–8. [Google Scholar] [CrossRef]

	



Cunha, L.L.; Morari, E.C.; Guihen, A.C.; Razolli, D.; Gerhard, R.; Nonogaki, S.; Soares, F.A.; Vassallo, J.; Ward, L.S. Infiltration of a mixture of immune cells may be related to good prognosis in patients with differentiated thyroid carcinoma. Clin. Endocrinol. 2012, 77, 918–925. [Google Scholar] [CrossRef] [PubMed]

	



Nicolson, N.G.; Brown, T.C.; Korah, R.; Carling, T. Immune cell infiltrate-associated dysregulation of DNA repair machinery may predispose to papillary thyroid carcinogenesis. Surgery 2020, 167, 66–72. [Google Scholar] [CrossRef]

	



Locati, M.; Curtale, G.; Mantovani, A. Diversity, Mechanisms, and Significance of Macrophage Plasticity. Annu Rev. Pathol 2020, 15, 123–147. [Google Scholar] [CrossRef] [PubMed]

	



Italiani, P.; Boraschi, D. From Monocytes to M1/M2 Macrophages: Phenotypical vs. Functional Differentiation. Front Immunol 2014, 5, 514. [Google Scholar] [CrossRef] [PubMed]

	



Hao, X.; Zheng, Z.; Liu, H.; Zhang, Y.; Kang, J.; Kong, X.; Rong, D.; Sun, G.; Sun, G.; Liu, L.; et al. Inhibition of APOC1 promotes the transformation of M2 into M1 macrophages via the ferroptosis pathway and enhances anti-PD1 immunotherapy in hepatocellular carcinoma based on single-cell RNA sequencing. Redox Biol. 2022, 56, 102463. [Google Scholar] [CrossRef] [PubMed]

	



Rabold, K.; Aschenbrenner, A.; Thiele, C.; Boahen, C.K.; Schiltmans, A.; Smit, J.W.A.; Schultze, J.L.; Netea, M.G.; Adema, G.J.; Netea-Maier, R.T. Enhanced lipid biosynthesis in human tumor-induced macrophages contributes to their protumoral characteristics. J. Immunother. Cancer 2020, 8, e000638. [Google Scholar] [CrossRef] [PubMed]

	



Pan, Y.; Yu, Y.; Wang, X.; Zhang, T. Tumor-Associated Macrophages in Tumor Immunity. Front. Immunol. 2020, 11, 583084. [Google Scholar] [CrossRef]

	



Chanmee, T.; Ontong, P.; Konno, K.; Itano, N. Tumor-associated macrophages as major players in the tumor microenvironment. Cancers 2014, 6, 1670–1690. [Google Scholar] [CrossRef] [PubMed]

	



Lavin, Y.; Mortha, A.; Rahman, A.; Merad, M. Regulation of macrophage development and function in peripheral tissues. Nat. Rev. Immunol. 2015, 15, 731–744. [Google Scholar] [CrossRef]

	



Cassetta, L.; Pollard, J.W. Targeting macrophages: Therapeutic approaches in cancer. Nat. Rev. Drug Discov. 2018, 17, 887–904. [Google Scholar] [CrossRef]

	



Lin, Y.; Xu, J.; Lan, H. Tumor-associated macrophages in tumor metastasis: Biological roles and clinical therapeutic applications. J. Hematol. Oncol. 2019, 12, 76. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.; Herndon, J.M.; Sojka, D.K.; Kim, K.W.; Knolhoff, B.L.; Zuo, C.; Cullinan, D.R.; Luo, J.; Bearden, A.R.; Lavine, K.J.; et al. Tissue-Resident Macrophages in Pancreatic Ductal Adenocarcinoma Originate from Embryonic Hematopoiesis and Promote Tumor Progression. Immunity 2017, 47, 323–338.e6. [Google Scholar] [CrossRef] [PubMed]

	



Song, Y.S.; Kim, M.J.; Sun, H.J.; Kim, H.H.; Shin, H.S.; Kim, Y.A.; Oh, B.C.; Cho, S.W.; Park, Y.J. Aberrant Thyroid-Stimulating Hormone Receptor Signaling Increases VEGF-A and CXCL8 Secretion of Thyroid Cancer Cells, Contributing to Angiogenesis and Tumor Growth. Clin. Cancer Res. 2019, 25, 414–425. [Google Scholar] [CrossRef]

	



Fang, W.; Ye, L.; Shen, L.; Cai, J.; Huang, F.; Wei, Q.; Fei, X.; Chen, X.; Guan, H.; Wang, W.; et al. Tumor-associated macrophages promote the metastatic potential of thyroid papillary cancer by releasing CXCL8. Carcinogenesis 2014, 35, 1780–1787. [Google Scholar] [CrossRef]

	



Kai, K.; Moriyama, M.; Haque, A.; Hattori, T.; Chinju, A.; Hu, C.; Kubota, K.; Miyahara, Y.; Kakizoe-Ishiguro, N.; Kawano, S.; et al. Oral Squamous Cell Carcinoma Contributes to Differentiation of Monocyte-Derived Tumor-Associated Macrophages via PAI-1 and IL-8 Production. Int. J. Mol. Sci. 2021, 22, 9475. [Google Scholar] [CrossRef]

	



Stassi, G.; Todaro, M.; Zerilli, M.; Ricci-Vitiani, L.; Di Liberto, D.; Patti, M.; Florena, A.; Di Gaudio, F.; Di Gesù, G.; De Maria, R. Thyroid cancer resistance to chemotherapeutic drugs via autocrine production of interleukin-4 and interleukin-10. Cancer Res. 2003, 63, 6784–6790. [Google Scholar]

	



Cho, S.W.; Kim, Y.A.; Sun, H.J.; Kim, Y.A.; Oh, B.C.; Yi, K.H.; Park, D.J.; Park, Y.J. CXCL16 signaling mediated macrophage effects on tumor invasion of papillary thyroid carcinoma. Endocr. Relat. Cancer 2016, 23, 113–124. [Google Scholar] [CrossRef]

	



Kim, M.J.; Sun, H.J.; Song, Y.S.; Yoo, S.K.; Kim, Y.A.; Seo, J.S.; Park, Y.J.; Cho, S.W. CXCL16 positively correlated with M2-macrophage infiltration, enhanced angiogenesis, and poor prognosis in thyroid cancer. Sci. Rep. 2019, 9, 13288. [Google Scholar] [CrossRef]

	



Chang, W.C.; Chen, J.Y.; Lee, C.H.; Yang, A.H. Expression of decoy receptor 3 in diffuse sclerosing variant of papillary thyroid carcinoma: Correlation with M2 macrophage differentiation and lymphatic invasion. Thyroid 2013, 23, 720–726. [Google Scholar] [CrossRef]

	



Chang, Y.C.; Chen, T.C.; Lee, C.T.; Yang, C.Y.; Wang, H.W.; Wang, C.C.; Hsieh, S.L. Epigenetic control of MHC class II expression in tumor-associated macrophages by decoy receptor 3. Blood 2008, 111, 5054–5063. [Google Scholar] [CrossRef]

	



Tai, S.K.; Chang, H.C.; Lan, K.L.; Lee, C.T.; Yang, C.Y.; Chen, N.J.; Chou, T.Y.; Tarng, D.C.; Hsieh, S.L. Decoy receptor 3 enhances tumor progression via induction of tumor-associated macrophages. J. Immunol. 2012, 188, 2464–2471. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, G.Q.; Jiao, Q.; Shen, C.T.; Song, H.J.; Zhang, H.Z.; Qiu, Z.L.; Luo, Q.Y. Interleukin 6 regulates the expression of programMed. cell death ligand 1 in thyroid cancer. Cancer Sci. 2021, 112, 997–1010. [Google Scholar] [CrossRef]

	



Arts, R.J.; Plantinga, T.S.; Tuit, S.; Ulas, T.; Heinhuis, B.; Tesselaar, M.; Sloot, Y.; Adema, G.J.; Joosten, L.A.; Smit, J.W.; et al. Transcriptional and metabolic reprogramming induce an inflammatory phenotype in non-medullary thyroid carcinoma-induced macrophages. Oncoimmunology 2016, 5, e1229725. [Google Scholar] [CrossRef]

	



Huang, F.J.; Zhou, X.Y.; Ye, L.; Fei, X.C.; Wang, S.; Wang, W.; Ning, G. Follicular thyroid carcinoma but not adenoma recruits tumor-associated macrophages by releasing CCL15. BMC Cancer 2016, 16, 98. [Google Scholar] [CrossRef] [PubMed]

	



Yoshimura, T. The chemokine MCP-1 (CCL2) in the host interaction with cancer: A foe or ally? Cell Mol. Immunol. 2018, 15, 335–345. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, K.; Kurebayashi, J.; Sohda, M.; Nomura, T.; Prabhakar, U.; Yan, L.; Sonoo, H. The expression of monocyte chemotactic protein-1 in papillary thyroid carcinoma is correlated with lymph node metastasis and tumor recurrence. Thyroid 2009, 19, 21–25. [Google Scholar] [CrossRef]

	



Qing, W.; Fang, W.Y.; Ye, L.; Shen, L.Y.; Zhang, X.F.; Fei, X.C.; Chen, X.; Wang, W.Q.; Li, X.Y.; Xiao, J.C.; et al. Density of tumor-associated macrophages correlates with lymph node metastasis in papillary thyroid carcinoma. Thyroid 2012, 22, 905–910. [Google Scholar] [CrossRef] [PubMed]

	



Mazzoni, M.; Mauro, G.; Erreni, M.; Romeo, P.; Minna, E.; Vizioli, M.G.; Belgiovine, C.; Rizzetti, M.G.; Pagliardini, S.; Avigni, R.; et al. Senescent thyrocytes and thyroid tumor cells induce M2-like macrophage polarization of human monocytes via a PGE2-dependent mechanism. J. Exp. Clin. Cancer Res. 2019, 38, 208. [Google Scholar] [CrossRef] [PubMed]

	



Caronia, L.M.; Phay, J.E.; Shah, M.H. Role of BRAF in thyroid oncogenesis. Clin. Cancer Res. 2011, 17, 7511–7517. [Google Scholar] [CrossRef] [PubMed]

	



Xing, M.; Alzahrani, A.S.; Carson, K.A.; Shong, Y.K.; Kim, T.Y.; Viola, D.; Elisei, R.; Bendlová, B.; Yip, L.; Mian, C.; et al. Association between BRAF V600E mutation and recurrence of papillary thyroid cancer. J. Clin. Oncol. 2015, 33, 42–50. [Google Scholar] [CrossRef] [PubMed]

	



Xing, M.; Alzahrani, A.S.; Carson, K.A.; Viola, D.; Elisei, R.; Bendlova, B.; Yip, L.; Mian, C.; Vianello, F.; Tuttle, R.M.; et al. Association between BRAF V600E mutation and mortality in patients with papillary thyroid cancer. JAMA 2013, 309, 1493–1501. [Google Scholar] [CrossRef]

	



Ryder, M.; Gild, M.; Hohl, T.M.; Pamer, E.; Knauf, J.; Ghossein, R.; Joyce, J.A.; Fagin, J.A. Genetic and pharmacological targeting of CSF-1/CSF-1R inhibits tumor-associated macrophages and impairs BRAF-induced thyroid cancer progression. PLoS ONE 2013, 8, e54302. [Google Scholar] [CrossRef]

	



Lv, J.; Feng, Z.P.; Chen, F.K.; Liu, C.; Jia, L.; Liu, P.J.; Yang, C.Z.; Hou, F.; Deng, Z.Y. M2-like tumor-associated macrophages-secreted Wnt1 and Wnt3a promotes dedifferentiation and metastasis via activating β-catenin pathway in thyroid cancer. Mol. Carcinog. 2021, 60, 25–37. [Google Scholar] [CrossRef]

	



Sloot, Y.J.E.; Rabold, K.; Ulas, T.; De Graaf, D.M.; Heinhuis, B.; Händler, K.; Schultze, J.L.; Netea, M.G.; Smit, J.W.A.; Joosten, L.A.B.; et al. Interplay between thyroid cancer cells and macrophages: Effects on IL-32 mediated cell death and thyroid cancer cell migration. Cell Oncol. 2019, 42, 691–703. [Google Scholar] [CrossRef]

	



Cho, J.W.; Kim, W.W.; Lee, Y.M.; Jeon, M.J.; Kim, W.G.; Song, D.E.; Park, Y.; Chung, K.W.; Hong, S.J.; Sung, T.Y. Impact of tumor-associated macrophages and BRAF(V600E) mutation on clinical outcomes in patients with various thyroid cancers. Head Neck 2019, 41, 686–691. [Google Scholar] [CrossRef]

	



Kim, D.I.; Kim, E.; Kim, Y.A.; Cho, S.W.; Lim, J.A.; Park, Y.J. Macrophage Densities Correlated with CXC Chemokine Receptor 4 Expression and Related with Poor Survival in Anaplastic Thyroid Cancer. Endocrinol. Metab. 2016, 31, 469–475. [Google Scholar] [CrossRef]

	



Schürch, C.M.; Roelli, M.A.; Forster, S.; Wasmer, M.H.; Brühl, F.; Maire, R.S.; Di Pancrazio, S.; Ruepp, M.D.; Giger, R.; Perren, A.; et al. Targeting CD47 in Anaplastic Thyroid Carcinoma Enhances Tumor Phagocytosis by Macrophages and Is a Promising Therapeutic Strategy. Thyroid 2019, 29, 979–992. [Google Scholar] [CrossRef]

	



Zhu, Y.; Peng, X.; Zhou, Q.; Tan, L.; Zhang, C.; Lin, S.; Long, M. METTL3-mediated m6A modification of STEAP2 mRNA inhibits papillary thyroid cancer progress by blocking the Hedgehog signaling pathway and epithelial-to-mesenchymal transition. Cell Death Dis. 2022, 13, 358. [Google Scholar] [CrossRef] [PubMed]

	



Lin, S.; Zhu, Y.; Ji, C.; Yu, W.; Zhang, C.; Tan, L.; Long, M.; Luo, D.; Peng, X. METTL3-Induced miR-222-3p Upregulation Inhibits STK4 and Promotes the Malignant Behaviors of Thyroid Carcinoma Cells. J. Clin. Endocrinol. Metab. 2022, 107, 474–490. [Google Scholar] [CrossRef]

	



Shu, B.; Zhou, Y.X.; Li, H.; Zhang, R.Z.; He, C.; Yang, X. The METTL3/MALAT1/PTBP1/USP8/TAK1 axis promotes pyroptosis and M1 polarization of macrophages and contributes to liver fibrosis. Cell Death Discov. 2021, 7, 368. [Google Scholar] [CrossRef]

	



Paijens, S.T.; Vledder, A.; de Bruyn, M.; Nijman, H.W. Tumor-infiltrating lymphocytes in the immunotherapy era. Cell Mol. Immunol. 2021, 18, 842–859. [Google Scholar] [CrossRef]

	



Laumont, C.M.; Banville, A.C.; Gilardi, M.; Hollern, D.P.; Nelson, B.H. Tumour-infiltrating B cells: Immunological mechanisms, clinical impact and therapeutic opportunities. Nat. Rev. Cancer 2022, 22, 414–430. [Google Scholar] [CrossRef]

	



Ran, G.H.; Lin, Y.Q.; Tian, L.; Zhang, T.; Yan, D.M.; Yu, J.H.; Deng, Y.C. Natural killer cell homing and trafficking in tissues and tumors: From biology to application. Signal. Transduct. Target. Ther. 2022, 7, 205. [Google Scholar] [CrossRef] [PubMed]

	



Munn, D.H.; Mellor, A.L. IDO in the Tumor Microenvironment: Inflammation, Counter-Regulation, and Tolerance. Trends Immunol. 2016, 37, 193–207. [Google Scholar] [CrossRef]

	



Guo, Y.; Liu, Y.; Wu, W.; Ling, D.; Zhang, Q.; Zhao, P.; Hu, X. Indoleamine 2,3-dioxygenase (Ido) inhibitors and their nanomedicines for cancer immunotherapy. Biomaterials 2021, 276, 121018. [Google Scholar] [CrossRef] [PubMed]

	



Brochez, L.; Chevolet, I.; Kruse, V. The rationale of indoleamine 2,3-dioxygenase inhibition for cancer therapy. Eur. J. Cancer 2017, 76, 167–182. [Google Scholar] [CrossRef]

	



Ryu, H.S.; Park, Y.S.; Park, H.J.; Chung, Y.R.; Yom, C.K.; Ahn, S.H.; Park, Y.J.; Park, S.H.; Park, S.Y. Expression of indoleamine 2,3-dioxygenase and infiltration of FOXP3+ regulatory T cells are associated with aggressive featuRes. of papillary thyroid microcarcinoma. Thyroid 2014, 24, 1232–1240. [Google Scholar] [CrossRef]

	



Colonna, M. TREMs in the immune system and beyond. Nat. Rev. Immunol. 2003, 3, 445–453. [Google Scholar] [CrossRef]

	



Zhao, Y.; Zhang, C.; Zhu, Y.; Ding, X.; Zhou, Y.; Lv, H.; Lin, Y.; Wu, Y.; Shi, B.; Fu, J. TREM1 fosters an immunosuppressive tumor microenvironment in papillary thyroid cancer. Endocr. Relat. Cancer 2022, 29, 71–86. [Google Scholar] [CrossRef]

	



French, J.D.; Weber, Z.J.; Fretwell, D.L.; Said, S.; Klopper, J.P.; Haugen, B.R. Tumor-associated lymphocytes and increased FoxP3+ regulatory T cell frequency correlate with more aggressive papillary thyroid cancer. J. Clin. Endocrinol. Metab. 2010, 95, 2325–2333. [Google Scholar] [CrossRef]

	



Ishida, Y.; Agata, Y.; Shibahara, K.; Honjo, T. Induced expression of PD-1, a novel member of the immunoglobulin gene superfamily, upon programMed. cell death. EMBO J. 1992, 11, 3887–3895. [Google Scholar] [CrossRef]

	



Freeman, G.J.; Long, A.J.; Iwai, Y.; Bourque, K.; Chernova, T.; Nishimura, H.; Fitz, L.J.; Malenkovich, N.; Okazaki, T.; Byrne, M.C.; et al. Engagement of the PD-1 immunoinhibitory receptor by a novel B7 family member leads to negative regulation of lymphocyte activation. J. Exp. Med. 2000, 192, 1027–1034. [Google Scholar] [CrossRef]

	



Akinleye, A.; Rasool, Z. Immune checkpoInt. inhibitors of PD-L1 as cancer therapeutics. J. Hematol. Oncol. 2019, 12, 92. [Google Scholar] [CrossRef]

	



Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 2012, 12, 252–264. [Google Scholar] [CrossRef] [PubMed]

	



Keir, M.E.; Butte, M.J.; Freeman, G.J.; Sharpe, A.H. PD-1 and its ligands in tolerance and immunity. Annu. Rev. Immunol. 2008, 26, 677–704. [Google Scholar] [CrossRef] [PubMed]

	



French, J.D.; Kotnis, G.R.; Said, S.; Raeburn, C.D.; McIntyre, R.C., Jr.; Klopper, J.P.; Haugen, B.R. ProgramMed. death-1+ T cells and regulatory T cells are enriched in tumor-involved lymph nodes and associated with aggressive featuRes. in papillary thyroid cancer. J. Clin. Endocrinol. Metab. 2012, 97, E934–E943. [Google Scholar] [CrossRef] [PubMed]

	



Wang, G.; He, L.; Wang, S.; Zhang, M.; Li, Y.; Liu, Q.; Sun, N.; Zhang, X.; Liu, Y.; Zhang, J.; et al. EV PD-L1 is Correlated with Clinical FeatuRes. and Contributes to T Cell Suppression in Pediatric Thyroid Cancer. J. Clin. Endocrinol. Metab. 2020, 105, dgaa309. [Google Scholar] [CrossRef]

	



Wang, J.; Li, R.; Cao, Y.; Gu, Y.; Fang, H.; Fei, Y.; Lv, K.; He, X.; Lin, C.; Liu, H.; et al. Intratumoral CXCR5(+)CD8(+)T associates with favorable clinical outcomes and immunogenic contexture in gastric cancer. Nat. Commun. 2021, 12, 3080. [Google Scholar] [CrossRef] [PubMed]

	



Ye, L.; Li, Y.; Tang, H.; Liu, W.; Chen, Y.; Dai, T.; Liang, R.; Shi, M.; Yi, S.; Chen, G.; et al. CD8+CXCR5+T cells infiltrating hepatocellular carcinomas are activated and predictive of a better prognosis. Aging 2019, 11, 8879–8891. [Google Scholar] [CrossRef]

	



Zhou, Y.; Guo, L.; Sun, H.; Xu, J.; Ba, T. CXCR5(+) CD8 T cells displayed higher activation potential despite high PD-1 expression, in tumor-involved lymph nodes from patients with thyroid cancer. Int. Immunopharmacol. 2018, 62, 114–119. [Google Scholar] [CrossRef]

	



Scarpino, S.; Duranti, E.; Stoppacciaro, A.; Pilozzi, E.; Natoli, G.; Sciacchitano, S.; Luciani, E.; Ruco, L. COX-2 is induced by HGF stimulation in Met-positive thyroid papillary carcinoma cells and is involved in tumour invasiveness. J. Pathol. 2009, 218, 487–494. [Google Scholar] [CrossRef] [PubMed]

	



Scarpino, S.; Duranti, E.; Giglio, S.; Di Napoli, A.; Galafate, D.; Del Bufalo, D.; Desideri, M.; Socciarelli, F.; Stoppacciaro, A.; Ruco, L. Papillary carcinoma of the thyroid: High expression of COX-2 and low expression of KAI-1/CD82 are associated with increased tumor invasiveness. Thyroid 2013, 23, 1127–1137. [Google Scholar] [CrossRef]

	



Cunha, L.L.; Nonogaki, S.; Soares, F.A.; Vassallo, J.; Ward, L.S. Immune Escape Mechanism is Impaired in the Microenvironment of Thyroid Lymph Node Metastasis. Endocr. Pathol. 2017, 28, 369–372. [Google Scholar] [CrossRef]

	



Cunha, L.L.; Marcello, M.A.; Nonogaki, S.; Morari, E.C.; Soares, F.A.; Vassallo, J.; Ward, L.S. CD8+ tumour-infiltrating lymphocytes and COX2 expression may predict relapse in differentiated thyroid cancer. Clin. Endocrinol. 2015, 83, 246–253. [Google Scholar] [CrossRef] [PubMed]

	



van Baren, N.; Van den Eynde, B.J. Tumoral Immune Resistance Mediated by Enzymes That Degrade Tryptophan. Cancer Immunol. Res. 2015, 3, 978–985. [Google Scholar] [CrossRef]

	



Hennequart, M.; Pilotte, L.; Cane, S.; Hoffmann, D.; Stroobant, V.; Plaen, E.; Van den Eynde, B.J. Constitutive IDO1 Expression in Human Tumors Is Driven by Cyclooxygenase-2 and Mediates Intrinsic Immune Resistance. Cancer Immunol. Res. 2017, 5, 695–709. [Google Scholar] [CrossRef] [PubMed]

	



Hatters, D.M.; Peters-Libeu, C.A.; Weisgraber, K.H. Apolipoprotein E structure: Insights into function. Trends Biochem. Sci. 2006, 31, 445–454. [Google Scholar] [CrossRef]

	



Tavazoie, M.F.; Pollack, I.; Tanqueco, R.; Ostendorf, B.N.; Reis, B.S.; Gonsalves, F.C.; Kurth, I.; Andreu-Agullo, C.; Derbyshire, M.L.; Posada, J.; et al. LXR/ApoE Activation Restricts Innate Immune Suppression in Cancer. Cell 2018, 172, 825–840. [Google Scholar] [CrossRef] [PubMed]

	



Lin, X.; Zhang, J.; Zhao, R.H.; Zhang, W.J.; Wu, J.F.; Xue, G. APOE Is a Prognostic Biomarker and Correlates with Immune Infiltrates in Papillary Thyroid Carcinoma. J. Cancer 2022, 13, 1652–1663. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Sun, W.; Wang, Z.; Lv, C.; Zhang, T.; Zhang, D.; Dong, W.; Shao, L.; He, L.; Ji, X.; et al. FTO suppresses glycolysis and growth of papillary thyroid cancer via decreasing stability of APOE mRNA in an N6-methyladenosine-dependent manner. J. Exp. Clin. Cancer Res. 2022, 41, 42. [Google Scholar] [CrossRef]

	



Zheng, L.; Li, S.; Zheng, X.; Guo, R.; Qu, W. AHNAK2 is a novel prognostic marker and correlates with immune infiltration in papillary thyroid cancer: Evidence from integrated analysis. Int. Immunopharmacol. 2021, 90, 107185. [Google Scholar] [CrossRef]

	



Bastman, J.J.; Serracino, H.S.; Zhu, Y.; Koenig, M.R.; Mateescu, V.; Sams, S.B.; Davies, K.D.; Raeburn, C.D.; McIntyre, R.C., Jr.; Haugen, B.R.; et al. Tumor-Infiltrating T Cells and the PD-1 CheckpoInt. Pathway in Advanced Differentiated and Anaplastic Thyroid Cancer. J. Clin. Endocrinol. Metab. 2016, 101, 2863–2873. [Google Scholar] [CrossRef] [PubMed]

	



Means, C.; Clayburgh, D.R.; Maloney, L.; Sauer, D.; Taylor, M.H.; Shindo, M.L.; Coussens, L.M.; Tsujikawa, T. Tumor immune microenvironment characteristics of papillary thyroid carcinoma are associated with histopathological aggressiveness and BRAF mutation status. Head. Neck 2019, 41, 2636–2646. [Google Scholar] [CrossRef]

	



Herberman, R.B.; Nunn, M.E.; Holden, H.T.; Lavrin, D.H. Natural cytotoxic reactivity of mouse lymphoid cells against syngeneic and allogeneic tumors. II. Characterization of effector cells. Int. J. Cancer 1975, 16, 230–239. [Google Scholar] [CrossRef]

	



Higashiyama, T.; Sugino, K.; Hara, H.; Ito, K.I.; Nakashima, N.; Onoda, N.; Tori, M.; Katoh, H.; Kiyota, N.; Ota, I.; et al. Phase II study of the efficacy and safety of lenvatinib for anaplastic thyroid cancer (HOPE). Eur. J. Cancer 2022, 173, 210–218. [Google Scholar] [CrossRef]

	



Myers, J.A.; Miller, J.S. Exploring the NK cell platform for cancer immunotherapy. Nat. Rev. Clin. Oncol. 2021, 18, 85–100. [Google Scholar] [CrossRef] [PubMed]

	



Melsen, J.E.; Lugthart, G.; Lankester, A.C.; Schilham, M.W. Human Circulating and Tissue-Resident CD56(bright) Natural Killer Cell Populations. Front. Immunol. 2016, 7, 262. [Google Scholar] [CrossRef] [PubMed]

	



Gogali, F.; Paterakis, G.; Rassidakis, G.Z.; Liakou, C.I.; Liapi, C. CD3(-)CD16(-)CD56(bright) immunoregulatory NK cells are increased in the tumor microenvironment and inversely correlate with advanced stages in patients with papillary thyroid cancer. Thyroid 2013, 23, 1561–1568. [Google Scholar] [CrossRef]

	



Arif, S.; Patel, J.; Blanes, A.; Diaz-Cano, S.J. Cytoarchitectural and kinetic featuRes. in the histological evaluation of follicular thyroid neoplasms. Histopathology 2007, 50, 750–763. [Google Scholar] [CrossRef]

	



Sun, C.; Mezzadra, R.; Schumacher, T.N. Regulation and Function of the PD-L1 Checkpoint. Immunity 2018, 48, 434–452. [Google Scholar] [CrossRef]

	



Saburi, S.; Tsujikawa, T.; Miyagawa-Hayashino, A.; Mitsuda, J.; Yoshimura, K.; Kimura, A.; Morimoto, H.; Ohmura, G.; Arai, A.; Ogi, H.; et al. Spatially resolved immune microenvironmental profiling for follicular thyroid carcinoma with minimal capsular invasion. Mod. Pathol. 2022, 35, 721–727. [Google Scholar] [CrossRef]

	



D’Andréa, G.; Lassalle, S.; Guevara, N.; Mograbi, B.; Hofman, P. From biomarkers to therapeutic targets: The promise of PD-L1 in thyroid autoimmunity and cancer. Theranostics 2021, 11, 1310–1325. [Google Scholar] [CrossRef]

	



Kryczek, I.; Liu, R.; Wang, G.; Wu, K.; Shu, X.; Szeliga, W.; Vatan, L.; Finlayson, E.; Huang, E.; Simeone, D.; et al. FOXP3 defines regulatory T cells in human tumor and autoimmune disease. Cancer Res. 2009, 69, 3995–4000. [Google Scholar] [CrossRef]

	



Chu, R.; Liu, S.Y.; Vlantis, A.C.; van Hasselt, C.A.; Ng, E.K.; Fan, M.D.; Ng, S.K.; Chan, A.B.; Du, J.; Wei, W.; et al. Inhibition of Foxp3 in cancer cells induces apoptosis of thyroid cancer cells. Mol. Cell Endocrinol. 2015, 399, 228–234. [Google Scholar] [CrossRef] [PubMed]

	



Puccetti, P.; Grohmann, U. IDO and regulatory T cells: A role for reverse signalling and non-canonical NF-kappaB activation. Nat. Rev. Immunol. 2007, 7, 817–823. [Google Scholar] [CrossRef]

	



Moretti, S.; Menicali, E.; Voce, P.; Morelli, S.; Cantarelli, S.; Sponziello, M.; Colella, R.; Fallarino, F.; Orabona, C.; Alunno, A.; et al. Indoleamine 2,3-dioxygenase 1 (IDO1) is up-regulated in thyroid carcinoma and drives the development of an immunosuppressant tumor microenvironment. J. Clin. Endocrinol. Metab. 2014, 99, E832–E840. [Google Scholar] [CrossRef] [PubMed]

	



Gray, K.D.; McCloskey, J.E.; Vedvyas, Y.; Kalloo, O.R.; Eshaky, S.E.; Yang, Y.; Shevlin, E.; Zaman, M.; Ullmann, T.M.; Liang, H.; et al. PD1 Blockade Enhances ICAM1-Directed CAR T Therapeutic Efficacy in Advanced Thyroid Cancer. Clin. Cancer Res. 2020, 26, 6003–6016. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Zhang, Y.; Zheng, J.; Yao, C.; Lu, X. LncRNA UCA1 attenuated the killing effect of cytotoxic CD8 + T cells on anaplastic thyroid carcinoma via miR-148a/PD-L1 pathway. Cancer Immunol. Immunother. 2021, 70, 2235–2245. [Google Scholar] [CrossRef]

	



Nishijima, T.F.; Muss, H.B.; Shachar, S.S.; Tamura, K.; Takamatsu, Y. Prognostic value of lymphocyte-to-monocyte ratio in patients with solid tumors: A systematic review and meta-analysis. Cancer Treat Rev. 2015, 41, 971–978. [Google Scholar] [CrossRef] [PubMed]

	



Ahn, J.; Song, E.; Kim, W.G.; Kim, T.Y.; Kim, W.B.; Shong, Y.K.; Jeon, M.J. Prognostic role of the lymphocyte-to-monocyte ratio for clinical outcomes of patients with progressive radioiodine-refractory differentiated thyroid carcinoma treated by sorafenib. Clin. Endocrinol. 2020, 92, 71–76. [Google Scholar] [CrossRef] [PubMed]

	



Ahn, J.; Song, E.; Oh, H.S.; Song, D.E.; Kim, W.G.; Kim, T.Y.; Kim, W.B.; Shong, Y.K.; Jeon, M.J. Low Lymphocyte-to-Monocyte Ratios Are Associated with Poor Overall Survival in Anaplastic Thyroid Carcinoma Patients. Thyroid 2019, 29, 824–829. [Google Scholar] [CrossRef] [PubMed]

	



Vivier, E.; Tomasello, E.; Baratin, M.; Walzer, T.; Ugolini, S. Functions of natural killer cells. Nat. Immunol. 2008, 9, 503–510. [Google Scholar] [CrossRef]

	



Knudsen, N.H.; Manguso, R.T. Tumor-Derived PGE2 Gives NK Cells a Headache. Immunity 2020, 53, 1131–1132. [Google Scholar] [CrossRef]

	



Park, A.; Lee, Y.; Kim, M.S.; Kang, Y.J.; Park, Y.J.; Jung, H.; Kim, T.D.; Lee, H.G.; Choi, I.; Yoon, S.R. Prostaglandin E2 Secreted by Thyroid Cancer Cells Contributes to Immune Escape Through the Suppression of Natural Killer (NK) Cell Cytotoxicity and NK Cell Differentiation. Front. Immunol. 2018, 9, 1859. [Google Scholar] [CrossRef]

	



Wennerberg, E.; Pfefferle, A.; Ekblad, L.; Yoshimoto, Y.; Kremer, V.; Kaminskyy, V.O.; Juhlin, C.C.; Höög, A.; Bodin, I.; Svjatoha, V.; et al. Human anaplastic thyroid carcinoma cells are sensitive to NK cell-mediated lysis via ULBP2/5/6 and chemoattract NK cells. Clin. Cancer Res. 2014, 20, 5733–5744. [Google Scholar] [CrossRef]

	



Liu, C.; Zhang, Y.; Lim, S.; Hosaka, K.; Yang, Y.; Pavlova, T.; Alkasalias, T.; Hartman, J.; Jensen, L.; Xing, X.; et al. A Zebrafish Model Discovers a Novel Mechanism of Stromal Fibroblast-Mediated Cancer Metastasis. Clin. Cancer Res. 2017, 23, 4769–4779. [Google Scholar] [CrossRef]

	



Kalluri, R. The biology and function of fibroblasts in cancer. Nat. Rev. Cancer 2016, 16, 582–598. [Google Scholar] [CrossRef]

	



Bu, L.; Baba, H.; Yoshida, N.; Miyake, K.; Yasuda, T.; Uchihara, T.; Tan, P.; Ishimoto, T. Biological heterogeneity and versatility of cancer-associated fibroblasts in the tumor microenvironment. Oncogene 2019, 38, 4887–4901. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; McAndrews, K.M.; Kalluri, R. Clinical and therapeutic relevance of cancer-associated fibroblasts. Nat. Rev. Clin. Oncol. 2021, 18, 792–804. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.; Han, C.; Wang, S.; Fang, P.; Ma, Z.; Xu, L.; Yin, R. Cancer-associated fibroblasts: An emerging Target. of anti-cancer immunotherapy. J. Hematol. Oncol. 2019, 12, 86. [Google Scholar] [CrossRef] [PubMed]

	



Cho, J.G.; Byeon, H.K.; Oh, K.H.; Baek, S.K.; Kwon, S.Y.; Jung, K.Y.; Woo, J.S. Clinicopathological significance of cancer-associated fibroblasts in papillary thyroid carcinoma: A predictive marker of cervical lymph node metastasis. Eur. Arch Otorhinolaryngol. 2018, 275, 2355–2361. [Google Scholar] [CrossRef]

	



Wen, S.; Qu, N.; Ma, B.; Wang, X.; Luo, Y.; Xu, W.; Jiang, H.; Zhang, Y.; Wang, Y.; Ji, Q. Cancer-Associated Fibroblasts Positively Correlate with Dedifferentiation and Aggressiveness of Thyroid Cancer. Onco Targets Ther. 2021, 14, 1205–1217. [Google Scholar] [CrossRef]

	



Saitoh, O.; Mitsutake, N.; Nakayama, T.; Nagayama, Y. Fibroblast-mediated in vivo and in vitro growth promotion of tumorigenic rat thyroid carcinoma cells but not normal Fisher rat thyroid follicular cells. Thyroid 2009, 19, 735–742. [Google Scholar] [CrossRef]

	



Fozzatti, L.; Alamino, V.A.; Park, S.; Giusiano, L.; Volpini, X.; Zhao, L.; Stempin, C.C.; Donadio, A.C.; Cheng, S.Y.; Pellizas, C.G. Interplay of fibroblasts with anaplastic tumor cells promotes follicular thyroid cancer progression. Sci. Rep. 2019, 9, 8028. [Google Scholar] [CrossRef] [PubMed]

	



Turner, N.; Grose, R. Fibroblast growth factor signalling: From development to cancer. Nat. Rev. Cancer 2010, 10, 116–129. [Google Scholar] [CrossRef]

	



Chen, T.; Liu, H.; Liu, Z.; Li, K.; Qin, R.; Wang, Y.; Liu, J.; Li, Z.; Gao, Q.; Pan, C.; et al. FGF19 and FGFR4 promotes the progression of gallbladder carcinoma in an autocrine pathway dependent on GPBAR1-cAMP-EGR1 axis. Oncogene 2021, 40, 4941–4953. [Google Scholar] [CrossRef]

	



Kim, R.D.; Sarker, D.; Meyer, T.; Yau, T.; Macarulla, T.; Park, J.W.; Choo, S.P.; Hollebecque, A.; Sung, M.W.; Lim, H.Y.; et al. First-in-Human Phase I Study of Fisogatinib (BLU-554) Validates Aberrant FGF19 Signaling as a Driver Event in Hepatocellular Carcinoma. Cancer Discov. 2019, 9, 1696–1707. [Google Scholar] [CrossRef]

	



Gao, L.; Lang, L.; Zhao, X.; Shay, C.; Shull, A.Y.; Teng, Y. FGF19 amplification reveals an oncogenic dependency upon autocrine FGF19/FGFR4 signaling in Head. and neck squamous cell carcinoma. Oncogene 2019, 38, 2394–2404. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Wang, Z.; Tian, L.; Xie, J.; Zou, G.; Jiang, F. Increased Expression of FGF19 Contributes to Tumor Progression and Cell Motility of Human Thyroid Cancer. Otolaryngol. Head. Neck Surg. 2016, 154, 52–58. [Google Scholar] [CrossRef] [PubMed]

	



St Bernard, R.; Zheng, L.; Liu, W.; Winer, D.; Asa, S.L.; Ezzat, S. Fibroblast growth factor receptors as molecular targets in thyroid carcinoma. Endocrinology 2005, 146, 1145–1153. [Google Scholar] [CrossRef] [PubMed]

	



Grose, R.; Dickson, C. Fibroblast growth factor signaling in tumorigenesis. Cytokine Growth Factor. Rev. 2005, 16, 179–186. [Google Scholar] [CrossRef]

	



Kang, Y.E.; Kim, J.T.; Lim, M.A.; Oh, C.; Liu, L.; Jung, S.N.; Won, H.R.; Lee, K.; Chang, J.W.; Yi, H.S.; et al. Association between Circulating Fibroblast Growth Factor. 21 and Aggressiveness in Thyroid Cancer. Cancers 2019, 11, 1154. [Google Scholar] [CrossRef]

	



Kondo, T.; Zhu, X.; Asa, S.L.; Ezzat, S. The cancer/testis antigen melanoma-associated antigen-A3/A6 is a novel Target. of fibroblast growth Factor. receptor 2-IIIb through histone H3 modifications in thyroid cancer. Clin. Cancer Res. 2007, 13, 4713–4720. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Zhang, X.; Klibanski, A. MEG3 noncoding RNA: A tumor suppressor. J. Mol. Endocrinol. 2012, 48, R45–R53. [Google Scholar] [CrossRef]

	



Dadafarin, S.; Rodríguez, T.C.; Carnazza, M.A.; Tiwari, R.K.; Moscatello, A.; Geliebter, J. MEG3 Expression Indicates Lymph Node Metastasis and Presence of Cancer-Associated Fibroblasts in Papillary Thyroid Cancer. Cells 2022, 11, 3181. [Google Scholar] [CrossRef]

	



Yang, G.; Rosen, D.G.; Zhang, Z.; Bast, R.C., Jr.; Mills, G.B.; Colacino, J.A.; Mercado-Uribe, I.; Liu, J. The chemokine growth-regulated oncogene 1 (Gro-1) links RAS signaling to the senescence of stromal fibroblasts and ovarian tumorigenesis. Proc. Natl. Acad. Sci. USA 2006, 103, 16472–16477. [Google Scholar] [CrossRef]

	



Giannoni, E.; Bianchini, F.; Masieri, L.; Serni, S.; Torre, E.; Calorini, L.; Chiarugi, P. Reciprocal activation of prostate cancer cells and cancer-associated fibroblasts stimulates epithelial-mesenchymal transition and cancer stemness. Cancer Res. 2010, 70, 6945–6956. [Google Scholar] [CrossRef]

	



Costa, A.; Scholer-Dahirel, A.; Mechta-Grigoriou, F. The role of reactive oxygen species and metabolism on cancer cells and their microenvironment. Semin Cancer Biol. 2014, 25, 23–32. [Google Scholar] [CrossRef]

	



Nikiforov, Y.E.; Nikiforova, M.N. Molecular genetics and diagnosis of thyroid cancer. Nat. Rev. Endocrinol. 2011, 7, 569–580. [Google Scholar] [CrossRef] [PubMed]

	



Xing, M. BRAF mutation in papillary thyroid cancer: Pathogenic role, molecular bases, and clinical implications. Endocr. Rev. 2007, 28, 742–762. [Google Scholar] [CrossRef]

	



Minna, E.; Brich, S.; Todoerti, K.; Pilotti, S.; Collini, P.; Bonaldi, E.; Romeo, P.; Cecco, L.; Dugo, M.; Perrone, F.; et al. Cancer Associated Fibroblasts and Senescent Thyroid Cells in the Invasive Front. of Thyroid Carcinoma. Cancers 2020, 12, 112. [Google Scholar] [CrossRef]

	



Jolly, L.A.; Novitskiy, S.; Owens, P.; Massoll, N.; Cheng, N.; Fang, W.; Moses, H.L.; Franco, A.T. Fibroblast-Mediated Collagen Remodeling Within the Tumor Microenvironment Facilitates Progression of Thyroid Cancers Driven by BrafV600E and Pten Loss. Cancer Res. 2016, 76, 1804–1813. [Google Scholar] [CrossRef]

	



Wculek, S.K.; Cueto, F.J.; Mujal, A.M.; Melero, I.; Krummel, M.F.; Sancho, D. Dendritic cells in cancer immunology and immunotherapy. Nat. Rev. Immunol. 2020, 20, 7–24. [Google Scholar] [CrossRef] [PubMed]

	



Dieu, M.C.; Vanbervliet, B.; Vicari, A.; Bridon, J.M.; Oldham, E.; Aït-Yahia, S.; Brière, F.; Zlotnik, A.; Lebecque, S.; Caux, C. Selective recruitment of immature and mature dendritic cells by distinct chemokines expressed in different anatomic sites. J. Exp. Med. 1998, 188, 373–386. [Google Scholar] [CrossRef]

	



Tsuge, K.; Takeda, H.; Kawada, S.; Maeda, K.; Yamakawa, M. Characterization of dendritic cells in differentiated thyroid cancer. J. Pathol. 2005, 205, 565–576. [Google Scholar] [CrossRef]

	



Wu, Z.; Xi, Z.; Xiao, Y.; Zhao, X.; Li, J.; Feng, N.; Hu, L.; Zheng, R.; Zhang, N.; Wang, S.; et al. TSH-TSHR axis promotes tumor immune evasion. J. Immunother. Cancer 2022, 10, e004049. [Google Scholar] [CrossRef] [PubMed]

	



Bergdorf, K.; Ferguson, D.C.; Mehrad, M.; Ely, K.; Stricker, T.; Weiss, V.L. Papillary thyroid carcinoma behavior: Clues in the tumor microenvironment. Endocr. Relat. Cancer 2019, 26, 601–614. [Google Scholar] [CrossRef] [PubMed]

	



Olivera, A.; Beaven, M.A.; Metcalfe, D.D. Mast cells Signal. their importance in health and disease. J. Allergy Clin. Immunol. 2018, 142, 381–393. [Google Scholar] [CrossRef] [PubMed]

	



Puxeddu, E.; Durante, C.; Avenia, N.; Filetti, S.; Russo, D. Clinical implications of BRAF mutation in thyroid carcinoma. Trends Endocrinol. Metab. 2008, 19, 138–145. [Google Scholar] [CrossRef] [PubMed]

	



Melillo, R.M.; Guarino, V.; Avilla, E.; Galdiero, M.R.; Liotti, F.; Prevete, N.; Rossi, F.W.; Basolo, F.; Ugolini, C.; de Paulis, A.; et al. Mast cells have a protumorigenic role in human thyroid cancer. Oncogene 2010, 29, 6203–6215. [Google Scholar] [CrossRef]

	



Visciano, C.; Liotti, F.; Prevete, N.; Cali, G.; Franco, R.; Collina, F.; de Paulis, A.; Marone, G.; Santoro, M.; Melillo, R.M. Mast cells induce epithelial-to-mesenchymal transition and stem cell featuRes. in human thyroid cancer cells through an IL-8-Akt-Slug pathway. Oncogene 2015, 34, 5175–5186. [Google Scholar] [CrossRef]

	



Jaillon, S.; Galdiero, M.R.; Del Prete, D.; Cassatella, M.A.; Garlanda, C.; Mantovani, A. Neutrophils in innate and adaptive immunity. Semin. ImmunoPathol. 2013, 35, 377–394. [Google Scholar] [CrossRef] [PubMed]

	



Eruslanov, E.B.; Bhojnagarwala, P.S.; Quatromoni, J.G.; Stephen, T.L.; Ranganathan, A.; Deshpande, C.; Akimova, T.; Vachani, A.; Litzky, L.; Hancock, W.W.; et al. Tumor-associated neutrophils stimulate T cell responses in early-stage human lung cancer. J. Clin. Investig. 2014, 124, 5466–5480. [Google Scholar] [CrossRef]

	



Houghton, A.M.; Rzymkiewicz, D.M.; Ji, H.; Gregory, A.D.; Egea, E.E.; Metz, H.E.; Stolz, D.B.; Land, S.R.; Marconcini, L.A.; Kliment, C.R.; et al. Neutrophil elastase-mediated degradation of IRS-1 accelerates lung tumor growth. Nat. Med. 2010, 16, 219–223. [Google Scholar] [CrossRef] [PubMed]

	



Galdiero, M.R.; Varricchi, G.; Loffredo, S.; Bellevicine, C.; Lansione, T.; Ferrara, A.L.; Iannone, R.; di Somma, S.; Borriello, F.; Clery, E.; et al. Potential involvement of neutrophils in human thyroid cancer. PLoS ONE 2018, 13, e0199740. [Google Scholar] [CrossRef]

	



Zhao, B.S.; Roundtree, I.A.; He, C. Post-transcriptional gene regulation by mRNA modifications. Nat. Rev. Mol. Cell Biol. 2017, 18, 31–42. [Google Scholar] [CrossRef]

	



Han, J.; Wang, J.Z.; Yang, X.; Yu, H.; Zhou, R.; Lu, H.C.; Yuan, W.B.; Lu, J.C.; Zhou, Z.J.; Lu, Q.; et al. METTL3 promote tumor proliferation of bladder cancer by accelerating pri-miR221/222 maturation in m6A-dependent manner. Mol. Cancer 2019, 18, 110. [Google Scholar] [CrossRef]

	



Li, T.; Hu, P.S.; Zuo, Z.; Lin, J.F.; Li, X.; Wu, Q.N.; Chen, Z.H.; Zeng, Z.L.; Wang, F.; Zheng, J.; et al. METTL3 facilitates tumor progression via an m(6)A-IGF2BP2-dependent mechanism in colorectal carcinoma. Mol. Cancer 2019, 18, 112. [Google Scholar] [CrossRef] [PubMed]

	



He, J.; Zhou, M.; Yin, J.; Wan, J.; Chu, J.; Jia, J.; Sheng, J.; Wang, C.; Yin, H.; He, F. METTL3 restrains papillary thyroid cancer progression via m(6)A/c-Rel/IL-8-mediated neutrophil infiltration. Mol. Ther. 2021, 29, 1821–1837. [Google Scholar] [CrossRef]

	



Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil extracellular traps kill bacteria. Science 2004, 303, 1532–1535. [Google Scholar] [CrossRef] [PubMed]

	



Cristinziano, L.; Modestino, L.; Loffredo, S.; Varricchi, G.; Braile, M.; Ferrara, A.L.; de Paulis, A.; Antonelli, A.; Marone, G.; Galdiero, M.R. Anaplastic Thyroid Cancer Cells Induce the Release of Mitochondrial Extracellular DNA Traps by Viable Neutrophils. J. Immunol. 2020, 204, 1362–1372. [Google Scholar] [CrossRef] [PubMed]

	



Bentzien, F.; Zuzow, M.; Heald, N.; Gibson, A.; Shi, Y.; Goon, L.; Yu, P.; Engst, S.; Zhang, W.; Huang, D.; et al. In vitro and in vivo activity of cabozantinib (XL184), an inhibitor of RET, MET, and VEGFR2, in a model of medullary thyroid cancer. Thyroid 2013, 23, 1569–1577. [Google Scholar] [CrossRef]

	



Yakes, F.M.; Chen, J.; Tan, J.; Yamaguchi, K.; Shi, Y.; Yu, P.; Qian, F.; Chu, F.; Bentzien, F.; Cancilla, B.; et al. Cabozantinib (XL184), a novel MET and VEGFR2 inhibitor, simultaneously suppresses metastasis, angiogenesis, and tumor growth. Mol. Cancer Ther. 2011, 10, 2298–2308. [Google Scholar] [CrossRef] [PubMed]

	



Duke, E.S.; Barone, A.K.; Chatterjee, S.; Mishra-Kalyani, P.S.; Shen, Y.L.; Isikwei, E.; Zhao, H.; Bi, Y.; Liu, J.; Rahman, N.A.; et al. FDA Approval Summary: Cabozantinib for Differentiated Thyroid Cancer. Clin. Cancer Res. 2022, 28, 4173–4177. [Google Scholar] [CrossRef]

	



Brose, M.S.; Robinson, B.; Sherman, S.I.; Krajewska, J.; Lin, C.C.; Vaisman, F.; Hoff, A.O.; Hitre, E.; Bowles, D.W.; Hernando, J.; et al. Cabozantinib for radioiodine-refractory differentiated thyroid cancer (COSMIC-311): A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. 2021, 22, 1126–1138. [Google Scholar] [CrossRef]

	



Subbiah, V.; Gainor, J.F.; Rahal, R.; Brubaker, J.D.; Kim, J.L.; Maynard, M.; Hu, W.; Cao, Q.; Sheets, M.P.; Wilson, D.; et al. Precision Targeted Therapy with BLU-667 for RET-Driven Cancers. Cancer Discov. 2018, 8, 836–849. [Google Scholar] [CrossRef]

	



Kim, J.; Bradford, D.; Larkins, E.; Pai-Scherf, L.H.; Chatterjee, S.; Mishra-Kalyani, P.S.; Wearne, E.; Helms, W.S.; Ayyoub, A.; Bi, Y.; et al. FDA Approval Summary: Pralsetinib for the Treatment of Lung and Thyroid Cancers With RET Gene Mutations or Fusions. Clin. Cancer Res. 2021, 27, 5452–5456. [Google Scholar] [CrossRef]

	



Subbiah, V.; Hu, M.I.; Wirth, L.J.; Schuler, M.; Mansfield, A.S.; Curigliano, G.; Brose, M.S.; Zhu, V.W.; Leboulleux, S.; Bowles, D.W.; et al. Pralsetinib for patients with advanced or metastatic RET-altered thyroid cancer (ARROW): A multi-cohort, open-label, registrational, phase 1/2 study. Lancet Diabetes Endocrinol. 2021, 9, 491–501. [Google Scholar] [CrossRef]

	



Matsui, J.; Funahashi, Y.; Uenaka, T.; Watanabe, T.; Tsuruoka, A.; Asada, M. Multi-kinase inhibitor E7080 suppresses lymph node and lung metastases of human mammary breast tumor MDA-MB-231 via inhibition of vascular endothelial growth factor-receptor (VEGF-R) 2 and VEGF-R3 kinase. Clin. Cancer Res. 2008, 14, 5459–5465. [Google Scholar] [CrossRef]

	



Nair, A.; Lemery, S.J.; Yang, J.; Marathe, A.; Zhao, L.; Zhao, H.; Jiang, X.; He, K.; Ladouceur, G.; Mitra, A.K.; et al. FDA Approval Summary: Lenvatinib for Progressive, Radio-iodine-Refractory Differentiated Thyroid Cancer. Clin. Cancer Res. 2015, 21, 5205–5208. [Google Scholar] [CrossRef] [PubMed]

	



Schlumberger, M.; Tahara, M.; Wirth, L.J.; Robinson, B.; Brose, M.S.; Elisei, R.; Habra, M.A.; Newbold, K.; Shah, M.H.; Hoff, A.O.; et al. Lenvatinib versus placebo in radioiodine-refractory thyroid cancer. N. Engl. J. Med. 2015, 372, 621–630. [Google Scholar] [CrossRef] [PubMed]

	



Wilhelm, S.M.; Carter, C.; Tang, L.; Wilkie, D.; McNabola, A.; Rong, H.; Chen, C.; Zhang, X.; Vincent, P.; McHugh, M.; et al. BAY 43-9006 exhibits broad spectrum oral antitumor activity and targets the RAF/MEK/ERK pathway and receptor tyrosine kinases involved in tumor progression and angiogenesis. Cancer Res. 2004, 64, 7099–7109. [Google Scholar] [CrossRef]

	



Brose, M.S.; Nutting, C.M.; Jarzab, B.; Elisei, R.; Siena, S.; Bastholt, L.; de la Fouchardiere, C.; Pacini, F.; Paschke, R.; Shong, Y.K.; et al. Sorafenib in radioactive iodine-refractory, locally advanced or metastatic differentiated thyroid cancer: A randomised, double-blind, phase 3 trial. Lancet 2014, 384, 319–328. [Google Scholar] [CrossRef]

	



Bradford, D.; Larkins, E.; Mushti, S.L.; Rodriguez, L.; Skinner, A.M.; Helms, W.S.; Price, L.S.L.; Zirkelbach, J.F.; Li, Y.; Liu, J.; et al. FDA Approval Summary: Selpercatinib for the Treatment of Lung and Thyroid Cancers with RET Gene Mutations or Fusions. Clin. Cancer Res. 2021, 27, 2130–2135. [Google Scholar] [CrossRef] [PubMed]

	



Wirth, L.J.; Sherman, E.; Robinson, B.; Solomon, B.; Kang, H.; Lorch, J.; Worden, F.; Brose, M.; Patel, J.; Leboulleux, S.; et al. Efficacy of Selpercatinib in RET-Altered Thyroid Cancers. N. Engl. J. Med. 2020, 383, 825–835. [Google Scholar] [CrossRef]

	



Thornton, K.; Kim, G.; Maher, V.E.; Chattopadhyay, S.; Tang, S.; Moon, Y.J.; Song, P.; Marathe, A.; Balakrishnan, S.; Zhu, H.; et al. Vandetanib for the treatment of symptomatic or progressive medullary thyroid cancer in patients with unresectable locally advanced or metastatic disease: U.S. Food and Drug Administration drug approval summary. Clin. Cancer Res. 2012, 18, 3722–3730. [Google Scholar] [CrossRef] [PubMed]

	



Wells, S.A., Jr.; Robinson, B.G.; Gagel, R.F.; Dralle, H.; Fagin, J.A.; Santoro, M.; Baudin, E.; Elisei, R.; Jarzab, B.; Vasselli, J.R.; et al. Vandetanib in patients with locally advanced or metastatic medullary thyroid cancer: A randomized, double-blind phase III trial. J. Clin. Oncol. 2012, 30, 134–141. [Google Scholar] [CrossRef]

	



Doebele, R.C.; Davis, L.E.; Vaishnavi, A.; Le, A.T.; Estrada-Bernal, A.; Keysar, S.; Jimeno, A.; Varella-Garcia, M.; Aisner, D.L.; Li, Y.; et al. An Oncogenic NTRK Fusion in a Patient with Soft-Tissue Sarcoma with Response to the Tropomyosin-Related Kinase Inhibitor LOXO-101. Cancer Discov. 2015, 5, 1049–1057. [Google Scholar] [CrossRef]

	



Scott, L.J. Larotrectinib: First Global Approval. Drugs 2019, 79, 201–206. [Google Scholar] [CrossRef] [PubMed]

	



Waguespack, S.G.; Drilon, A.; Lin, J.J.; Brose, M.S.; McDermott, R.; Almubarak, M.; Bauman, J.; Casanova, M.; Krishnamurthy, A.; Kummar, S.; et al. Efficacy and safety of larotrectinib in patients with TRK fusion-positive thyroid carcinoma. Eur. J. Endocrinol. 2022, 186, 631–643. [Google Scholar] [CrossRef] [PubMed]

	



Marcus, L.; Donoghue, M.; Aungst, S.; Myers, C.E.; Helms, W.S.; Shen, G.; Zhao, H.; Stephens, O.; Keegan, P.; Pazdur, R. FDA Approval Summary: Entrectinib for the Treatment of NTRK gene Fusion Solid Tumors. Clin. Cancer Res. 2021, 27, 928–932. [Google Scholar] [CrossRef]

	



Fischer, H.; Ullah, M.; de la Cruz, C.C.; Hunsaker, T.; Senn, C.; Wirz, T.; Wagner, B.; Draganov, D.; Vazvaei, F.; Donzelli, M.; et al. Entrectinib, a TRK/ROS1 inhibitor with anti-CNS tumor activity: Differentiation from oTher. inhibitors in its class due to weak interaction with P-glycoprotein. Neuro Oncol. 2020, 22, 819–829. [Google Scholar] [CrossRef] [PubMed]

	



Demetri, G.D.; De Braud, F.; Drilon, A.; Siena, S.; Patel, M.R.; Cho, B.C.; Liu, S.V.; Ahn, M.J.; Chiu, C.H.; Lin, J.J.; et al. Updated Integrated Analysis of the Efficacy and Safety of Entrectinib in Patients With NTRK Fusion-Positive Solid Tumors. Clin. Cancer Res. 2022, 28, 1302–1312. [Google Scholar] [CrossRef] [PubMed]

	



Subbiah, V.; Kreitman, R.J.; Wainberg, Z.A.; Cho, J.Y.; Schellens, J.H.M.; Soria, J.C.; Wen, P.Y.; Zielinski, C.; Cabanillas, M.E.; Urbanowitz, G.; et al. Dabrafenib and Trametinib Treatment in Patients With Locally Advanced or Metastatic BRAF V600-Mutant Anaplastic Thyroid Cancer. J. Clin. Oncol. 2018, 36, 7–13. [Google Scholar] [CrossRef]

	



Subbiah, V.; Kreitman, R.J.; Wainberg, Z.A.; Cho, J.Y.; Schellens, J.H.M.; Soria, J.C.; Wen, P.Y.; Zielinski, C.C.; Cabanillas, M.E.; Boran, A.; et al. Dabrafenib plus trametinib in patients with BRAF V600E-mutant anaplastic thyroid cancer: Updated analysis from the phase II ROAR basket study. Ann. Oncol. 2022, 33, 406–415. [Google Scholar] [CrossRef]

	



French, J.D. Immunotherapy for advanced thyroid cancers—rationale, current advances and future strategies. Nat. Rev. Endocrinol. 2020, 16, 629–641. [Google Scholar] [CrossRef]

	



Raue, F.; Frank-Raue, K. Thyroid Cancer: Risk-Stratified Management and Individualized Therapy. Clin. Cancer Res. 2016, 22, 5012–5021. [Google Scholar] [CrossRef]

	



Sonpavde, G.; Hutson, T.E. Pazopanib: A novel multitargeted tyrosine kinase inhibitor. Curr. Oncol. Rep. 2007, 9, 115–119. [Google Scholar] [CrossRef] [PubMed]

	



Bible, K.C.; Menefee, M.E.; Lin, C.J.; Millward, M.J.; Maples, W.J.; Goh, B.C.; Karlin, N.J.; Kane, M.A.; Adkins, D.R.; Molina, J.R.; et al. An International Phase 2 Study of Pazopanib in Progressive and Metastatic Thyroglobulin Antibody Negative Radioactive Iodine Refractory Differentiated Thyroid Cancer. Thyroid 2020, 30, 1254–1262. [Google Scholar] [CrossRef] [PubMed]

	



de la Fouchardière, C.; Godbert, Y.; Dalban, C.; Illouz, F.; Wassermann, J.; Do Cao, C.; Bardet, S.; Zerdoud, S.; Chougnet, C.N.; Zalzali, M.; et al. Intermittent versus continuous administration of pazopanib in progressive radioiodine refractory thyroid carcinoma: Final results of the randomised, multicenter, open-label phase II trial PAZOTHYR. Eur. J. Cancer 2021, 157, 153–164. [Google Scholar] [CrossRef] [PubMed]

	



Shen, G.; Zheng, F.; Ren, D.; Du, F.; Dong, Q.; Wang, Z.; Zhao, F.; Ahmad, R.; Zhao, J. Anlotinib: A novel multi-targeting tyrosine kinase inhibitor in clinical development. J. Hematol. Oncol. 2018, 11, 120. [Google Scholar] [CrossRef] [PubMed]

	



Xie, C.; Wan, X.; Quan, H.; Zheng, M.; Fu, L.; Li, Y.; Lou, L. Preclinical characterization of anlotinib, a highly potent and selective vascular endothelial growth Factor. receptor-2 inhibitor. Cancer Sci. 2018, 109, 1207–1219. [Google Scholar] [CrossRef]

	



Huang, N.S.; Wei, W.J.; Xiang, J.; Chen, J.Y.; Guan, Q.; Lu, Z.W.; Ma, B.; Sun, G.H.; Wang, Y.L.; Ji, Q.H.; et al. The Efficacy and Safety of Anlotinib in Neoadjuvant Treatment of Locally Advanced Thyroid Cancer: A Single-Arm Phase II Clinical Trial. Thyroid 2021, 31, 1808–1813. [Google Scholar] [CrossRef]

	



Patel, H.; Yacoub, N.; Mishra, R.; White, A.; Long, Y.; Alanazi, S.; Garrett, J.T. Current Advances in the Treatment of BRAF-Mutant Melanoma. Cancers 2020, 12, 482. [Google Scholar] [CrossRef]

	



Tchekmedyian, V.; Dunn, L.; Sherman, E.; Baxi, S.S.; Grewal, R.K.; Larson, S.M.; Pentlow, K.S.; Haque, S.; Tuttle, R.M.; Sabra, M.M.; et al. Enhancing Radioiodine Incorporation in BRAF-Mutant, Radioiodine-Refractory Thyroid Cancers with Vemurafenib and the Anti-ErbB3 Monoclonal Antibody CDX-3379: Results of a Pilot Clinical Trial. Thyroid 2022, 32, 273–282. [Google Scholar] [CrossRef]

	



Tian, S.; Quan, H.; Xie, C.; Guo, H.; Lü, F.; Xu, Y.; Li, J.; Lou, L. YN968D1 is a novel and selective inhibitor of vascular endothelial growth Factor. receptor-2 tyrosine kinase with potent activity in vitro and in vivo. Cancer Sci. 2011, 102, 1374–1380. [Google Scholar] [CrossRef]

	



Lin, Y.; Qin, S.; Li, Z.; Yang, H.; Fu, W.; Li, S.; Chen, W.; Gao, Z.; Miao, W.; Xu, H.; et al. Apatinib vs Placebo in Patients With Locally Advanced or Metastatic, Radioactive Iodine-Refractory Differentiated Thyroid Cancer: The REALITY Randomized Clinical Trial. JAMA Oncol. 2022, 8, 242–250. [Google Scholar] [CrossRef]

	



Xu, J.M.; Wang, Y.; Chen, Y.L.; Jia, R.; Li, J.; Gong, J.F.; Li, J.; Qi, C.; Hua, Y.; Tan, C.R.; et al. Sulfatinib, a novel kinase inhibitor, in patients with advanced solid tumors: Results from a phase I study. OncoTarget 2017, 8, 42076–42086. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Ji, Q.; Bai, C.; Zheng, X.; Zhang, Y.; Shi, F.; Li, X.; Tang, P.; Xu, Z.; Huang, R.; et al. Surufatinib in Chinese Patients with Locally Advanced or Metastatic Differentiated Thyroid Cancer and Medullary Thyroid Cancer: A Multicenter, Open-Label, Phase II Trial. Thyroid 2020, 30, 1245–1253. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Qiu, M.; Wang, S.; Zhu, H.; Feng, B.; Zheng, L. A Phase I dose-escalation, pharmacokinetics and food-effect study of oral donafenib in patients with advanced solid tumours. Cancer ChemoTher. Pharmacol. 2020, 85, 593–604. [Google Scholar] [CrossRef]

	



Lin, Y.S.; Yang, H.; Ding, Y.; Cheng, Y.Z.; Shi, F.; Tan, J.; Deng, Z.Y.; Chen, Z.D.; Wang, R.F.; Ji, Q.H.; et al. Donafenib in Progressive Locally Advanced or Metastatic Radioactive Iodine-Refractory Differentiated Thyroid Cancer: Results of a Randomized, Multicenter Phase II Trial. Thyroid 2021, 31, 607–615. [Google Scholar] [CrossRef]

	



Yeh, T.C.; Marsh, V.; Bernat, B.A.; Ballard, J.; Colwell, H.; Evans, R.J.; Parry, J.; Smith, D.; Brandhuber, B.J.; Gross, S.; et al. Biological characterization of ARRY-142886 (AZD6244), a potent, highly selective mitogen-activated protein kinase kinase 1/2 inhibitor. Clin. Cancer Res. 2007, 13, 1576–1583. [Google Scholar] [CrossRef] [PubMed]

	



Ho, A.L.; Dedecjus, M.; Wirth, L.J.; Tuttle, R.M.; Inabnet, W.B., 3rd; Tennvall, J.; Vaisman, F.; Bastholt, L.; Gianoukakis, A.G.; Rodien, P.; et al. Selumetinib Plus Adjuvant Radioactive Iodine in Patients With High-Risk Differentiated Thyroid Cancer: A Phase III, Randomized, Placebo-Controlled Trial (ASTRA). J. Clin. Oncol. 2022, 40, 1870–1878. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 15 02863 g001 550] 





Figure 1. The functional differences between normal immune cells and tumor-associated immune cells. 
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Figure 2. The crosstalk between tumor-associated immune cells and PTC and ATC. 
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