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Autoimmune thyroid disease (AITD), the most common autoimmune disease, includes Graves’ disease (GD) and Hashimoto’s thyroiditis (HT). Currently, the pathogenesis of AITD is not fully understood. Our study aimed to examine the presence of macrophage polarization imbalance in AITD patients, to investigate whether high iodine can cause macrophage polarization imbalance, and to investigate the role of key genes of metabolic reprogramming in macrophage polarization imbalance caused by high iodine. We synergistically used various research strategies such as systems biology, clinical studies, cell culture and mouse disease models. Gene set enrichment analysis (GSEA) revealed that M1 macrophage hyperpolarization was involved in the pathogenesis of AITD. In vitro and in vivo experiments showed that high iodine can affect the polarization of M1 or M2 macrophages and their related cytokines. Robust rank aggregation (RRA) method revealed that hexokinase 3 (HK3) was the most aberrantly expressed metabolic gene in autoimmune diseases. In vitro and in vivo studies revealed HK3 could mediate macrophage polarization induced by high iodine. In summary, hyperpolarization of M1-type macrophages is closely related to the pathogenesis of AITD. High iodine can increase HK3 expression in macrophages and promote macrophage polarization towards M1. Targeting HK3 can inhibit M1 polarization induced by high iodine.
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Introduction

Autoimmune thyroid disease (AITD) is an organ-specific autoimmune disease and the most common autoimmune disease in the world. Both Graves’ disease (GD) and Hashimoto’s thyroiditis (HT) are its common types (1, 2). Although the clinical symptoms of GD and HT are obviously different, they share some common pathogenic mechanisms, such as large amounts of lymphocyte infiltration in thyroid accompanied by thyroid tissue destruction. At present, the treatment of AITD is still mainly symptomatic therapy, and there is still no effective immunotargeted therapy for the etiology of AITD, so it is necessary to search for effective immunotherapy strategies through in-depth study on the pathogenesis of the disease.

In vivo immune homeostasis is a necessary condition for maintaining autoimmune tolerance and inhibiting autoimmune injury (3, 4). Immune cells such as antigen presenting cells (APCs), T cells and B cells all play key regulatory roles in the maintenance of immune homeostasis in vivo (5, 6). Excessive activation or abnormal function of macrophages, T cells, and B cells can cause imbalance of immune homeostasis in vivo and further trigger autoimmune diseases (7, 8). Current studies have proved that adaptive immune cells such as T cells and B cells play an important role in the pathogenesis of AITD, and the overactivation of these cells is closely related to the occurrence of AITD (9, 10). However, there is no systematic study on the role of macrophage in the pathogenesis of AITD. Macrophages are important phagocytes and APCs in the body. The main function of macrophages is to phagocytose danger signals such as cell fragments and pathogens in the body, present antigens to adaptive immune cells, and further activate T cells and B cells to produce subsequent immune responses (11, 12). Macrophage polarization refers to the differentiation of macrophages in phenotype and function induced by various factors such as microenvironment and inflammatory factors. Macrophages can be divided into two types according to their function and cytokines secreted, namely, M1 macrophages with pro-inflammatory and pro-immune response functions and M2 macrophages with anti-inflammatory and repair functions (13). Current studies believe that the overactivation of M1 macrophages can mistakenly present autoantigens to T cells and B cells, causing the body to produce autoantibodies or autoreactive lymphocytes, thus triggering autoimmune diseases. At the same time, M1 macrophages can also mediate the occurrence of autoimmune diseases by producing various proinflammatory factors (14). Several studies have shown that abnormal polarization of macrophages is closely related to the occurrence and progression of various autoimmune diseases, including rheumatoid arthritis (RA), inflammatory bowel disease (IBD), systemic lupus erythematosus (SLE), type 1 diabetes mellitus (T1DM), and other autoimmune diseases (15–17).

Iodine is the most important environmental factor affecting the occurrence of thyroid diseases. In our previous population-based and cross-sectional study, we found a U-shaped relationship between adult iodine intake and thyroid autoimmunity. Iodine deficiency, especially excess iodine, is a risk factor for AITD in adults (18). Existing studies believe that high iodine may trigger AITD through various mechanisms (19, 20). Recent studies have found that iodine can directly promote the secretion of cytokines in human peripheral blood lymphocytes (21), and iodine transmembrane transporters such as sodium iodide symporter (NIS) transporters are also expressed in monocyte-macrophages to a certain extent. These findings suggest that iodine may directly activate or regulate the immune function of monocyte-macrophages. Metabolic reprogramming is changes in energy metabolism of immune cells during differentiation or activation (22). Up to now, many studies have found that metabolic reprogramming of the macrophages is closely related to the occurrence of autoimmune diseases and cancers, and the key molecules associated with metabolic reprogramming are expected to become the novel targets in the treatment of these diseases (23–27). Changes in the internal environment, such as hypoxia, nutrition, danger signals, and cytokines, can regulate the phenotype and function of macrophages by influencing the metabolic reprogramming (28–30).

Therefore, based on the above findings, we hypothesize that high iodine intake may cause an imbalance in the polarization of macrophages through their metabolic reprogramming, which leads to AITD. Our study aims to examine the presence of macrophage polarization imbalance in thyroid tissue and peripheral blood of AITD patients, to investigate whether high iodine can cause macrophage polarization imbalance, and to investigate the role of key genes of metabolic reprogramming in macrophage polarization imbalance caused by high iodine through various research strategies.



Materials and methods


Transcriptome profiling datasets of AITD thyroid tissue and peripheral CD14+ monocyte-macrophages

Four GD thyroid tissue and three normal thyroid specimens were obtained from patients undergoing surgical treatment in Shanghai University of Medicine & Health Sciences Affiliated Zhoupu Hospital. RNA extracted from tissue was used for NimbleGen Human Microarray Chip (Roche, USA) to detect transcriptome data from each sample. The gene expression values were extracted and standardized using NimbleScan v2.5 software. In addition, two AITD thyroid tissue transcriptome microarray data series (GSE29315 and GSE6339) in Gene Expression Omnibus (GEO) database were downloaded and annotated as the gene expression matrix using the corresponding annotation document of the platform. GSE29315 was used for HT research, while GD microarray data of our study was used for GD research. GSE6339 was used for AITD research (that is, HT and GD were taken as a whole object).

Furthermore, we collected CD14+ monocyte-macrophages samples from 19 GD, 10 HT and 11 sex- and age-matched healthy controls. After peripheral blood mononuclear cells (PBMCs) were separated by density gradient centrifugation, CD14+ monocyte-macrophages were sorted by human CD14 magnetic beads (Miltenyi Biotec, No.130-050-201). Total RNA of these cells was extracted for mRNA-sequencing (mRNA-seq) using BGISEQ-500 sequencing platform. The obtained raw sequencing data were aligned to human reference genome and the gene expression values were calculated.



Establishment of macrophage polarization characteristic gene set and Gene Set Enrichment Analysis

In this study, the transcriptome datasets related to macrophage polarization were integrated by Robust rank aggregation (RRA) method (31) to establish a set of characteristic genes for macrophage polarization. First, we searched the GEO database for genome-wide transcriptome data related to macrophage polarization. In order to obtain objective and accurate results, only M1 macrophage polarization data series induced by IFN-γ or lipopolysaccharide (LPS) and M2 macrophage polarization data series induced by IL-4 were included in this study. Moreover, the included array data series had at least 3 replicates in each group, and the sequencing data series had at least 2 replicates in each group. Then, we made a RRA analysis to establish a characteristic gene set of macrophage polarization. We first calculated the differentially expressed genes (DEGs) of each dataset using “limma” or “DESeq2” package, and then generated the gene ranking matrix according to Fold change (FC), and finally used “Robust Rank Aggregation” package to complete integration analysis. After that, we selected the top 500 up-ranked genes in the RRA integration analysis as preliminary characteristic genes for M1 or M2 polarization. After further excluding the intersection of the two gene sets, the remaining genes were selected as the final M1 polarization or M2 polarization characteristic gene set. In order to verify the reliability of the above macrophage polarization characteristic gene set, we adopted other data series (GSE82227, GSE123603 and GSE123180) related to macrophage polarization for verification by Gene Set Enrichment Analysis (GSEA) (32, 33). We also used GSEA to study the enrichment of M1 and M2 polarization characteristic gene sets in AITD thyroid tissue and peripheral CD14+ monocyte-macrophages and to evaluate whether the imbalance of macrophage polarization was closely related to AITD.



Immunohistochemical analysis

Immunohistochemistry was used to analyze the infiltration of macrophages and the expression of hexokinase 3 (HK3) in AITD thyroid tissue. CD68 antibody (NB100-683, Novusbio), secondary antibody (K4001, DAKO), HK3 antibody (13333-1-AP, Proteintech) and secondary antibody (K4003, DAKO) were used for immunohistochemical analysis of CD68 and HK3 expression in the thyroid tissue sections of AITD and controls. After antigen retrieval and removal of the blocking solution, each section was incubated for 1 h with 100 μL of diluted primary antibodies and then with 100 μL of secondary antibody for 30 min at room temperature. The positive cells were revealed by incubating with 100 μL of freshly prepared chromogenic solution.



Cell culture

RAW264.7 cells (murine monocyte-macrophages line) and human PBMCs were used to investigate in vitro whether high iodine could cause macrophage polarization imbalance. RAW264.7 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium containing 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin. RAW264.7 cells were inoculated into 6-well plates at 2×105/mL, with three replicates in each group. The high iodine solution was prepared by sodium iodide (NaI, No.7681-82-5, Adamas). To evaluate the effect of high iodine on the polarization of macrophages, RAW264.7 cells were stimulated with NaI at 0 mM, 0.1 mM, 1 mM and 10 mM concentrations. Supernatant and cells were collected after 48 h of stimulation.

A total of 20 mL of heparin sodium anticoagulant peripheral blood samples were collected from a healthy control. PBMCs were divided into 9 equal portions and cultured in RPMI 1640 complete medium for 48 h under the intervention conditions of 0 mM, 1 mM and 10 mM of NaI (3 replicates per group). Supernatant and cells were also collected after stimulation.

In subsequent studies, to dynamically observe the effect of HK3 on macrophage polarization, RAW264.7 cells were transfected with HK3-specific short hairpin RNA (shRNA) lentivirus and negative lentivirus vector and stimulated with 0 mM and 10 mM NaI. After 48 h of intervention, cells were collected for flow cytometry.



Cytokine detection of supernatant

Supernatant of RAW264.7 cells and PBMCs was used for cytokine detection. The protein expression levels of IL-6 and IL-1β in the supernatant of RAW264.7 cell culture were determined by Enzyme-Linked immunosorbent assay (ELISA) kits (IL-6: M6000B, R&D and IL-1β: DY401, R&D). The protein expression levels of IL-6 and IL-1β in the supernatant of human PBMCs culture were measured using Cytometric Bead Array (CBA) method. The magnetic beads were used to detect IL-6 (No. 558276, BD) and IL-1β (No. 558279, BD).



Quantitative real-time PCR

RNA was extracted from cells by Trizol method and reverse transcribed into a cDNA library. Quantitative real-time PCR (qRT-PCR) was performed using SYBR Green PCR Master Mix with a total reaction volume of 15 μL on the Applied Biosystems QuantStudio 7 Flex system. The PCR procedure was as follows: one cycle at 95°C for 15 seconds, followed by 45 two-step cycles, specifically 95°C for 5 seconds and 63°C for 34 seconds. The internal reference of mouse samples was Gapdh, and that of human samples was ACTB. Primer sequences are shown in Table S1.



Preparation of thyroiditis model in mice

In this study, a mouse thyroiditis model was constructed by high iodine water feeding and thyroglobulin immuno-injection, which was described in our previous study in detail (34). Female 6–8 weeks old C57BL/6 mice from Shanghai Model Organisms Center were kept at the SPF level and free to eat and drink. Thirty-five mice were randomly divided into two groups. One was the thyroiditis model group (n=20) and the other was the control group (n=15). The model group was fed with high iodine water (0.05%NaI), and the control group was fed with ordinary drinking water. The whole animal model preparation time was 6 weeks. At the end of the experiment, the mice were sacrificed and their spleens were ground into cell suspension, which was used for flow cytometry to analyze the proportion of spleen macrophages.

In the subsequent study, to further study the mechanism of HK3 in vivo, ten female wild-type mice and ten female HK3-knockout homozygous mice were used for preparation of thyroiditis models (named as WH and KH group, respectively). Their spleens tissue was taken for flow cytometry and thyroid tissue were used for mRNA-seq.



Flow cytometry analysis

The proportion of M1 (CD45+CD11b+Ly6G-F4/80+CD206-) and M2 (CD45+CD11b+Ly6G-F4/80+CD206+) in RAW264.7 cells and mouse spleen macrophages were analyzed by flow cytometry. In brief, cells samples were labeled with surface antibodies CD45 (APC-Cy7, 565853, BD), CD11b (PE-Cy7, 101216, Biolegend), Ly6G (BV421, 562737, BD) and F4/80(Alexa Fluor, 565853, BD) and incubated at 4°C for 20 min away from light. After that, the cells were incubated with lysis buffer at 4°C for 20 min away from light and then with antibody CD206 (PE, 141706, Biolegend) for 30 min in the dark for intracellular staining. The major subsets of monocyte-macrophages in human circulation (CD14++CD16-, CD14+CD16+, CD14+CD68+CCR2+, and CD14+CD163+CX3CR1+) were also detected by flow cytometry. Similarly, PBMCs were collected after the primary culture and then incubated with surface antibodies CD14 (APC-Cy7, 557831, BD), CD16 (PerCP-Cy5.5, 560717, BD), CCR2 (Alexa Fluor-647, 8018933, BD), CD163 (PE-Cy7, 556018, BD), and CX3CR1 (PE, 565796, BD), as well as intracellular staining antibody CD68 (FITC, IC20401F, RD) in sequence. These cells were resuspended with 200 μL of stain buffer, and then detected by CytoFLEX LX flow cytometer (Beckman Coulter).



Autoimmune disease transcriptome datasets and RRA analysis

In order to screen for abnormal expressions of key genes of metabolic reprogramming in autoimmune diseases, we used RRA method to systematically study the expressions of 402 key metabolic genes in peripheral blood of patients with autoimmune diseases (Table S2). We searched the peripheral blood genome-wide expression profile datasets for autoimmune diseases from GEO database. The inclusion criteria for the datasets were as follows: 1) The diseases studied were common autoimmune diseases; 2) The tissue used were whole blood or PBMCs; 3) Genome-wide mRNA expression levels were analyzed by microarray or mRNA-seq; 4) More than 50 DEGs were found; and 5) more than 90% of the 402 key metabolic genes were studied in this study.



The role of HK3 in GD by systems biology analyses

We used systems biology tools to further analyze the role of HK3 in the pathogenesis of GD. First, CIBERSORT was used to analyze the proportion of M1 and M2 macrophages in 18 cases of thyroid tissue in GSE9340 (35), and to analyze their correlations with HK3. Secondly, we studied whether HK3 was related to the imbalance of macrophage polarization in GD tissue by using GSEA method. Finally, weighted gene co-expression network analysis (WGCNA) was used to analyze the key HK3-related co-expression gene modules in GD thyroid tissue, and gene ontology (GO) was used to analyze the molecular function of co-expression modules (36).



Statistical analysis

Continuous variables were expressed as mean ± SE. The Mann-Whitney U test or t test was used to compare differences between groups. Statistical analysis was performed using STATA (12.0, StataCorp, USA), and a two-sided P value <0.05 indicated a statistically significant difference. The GSEA software 3.0 (http://software.broadinstitute.org/gsea/index.jsp) was used in the analysis. Enrichment score (ES), nominal P value, and false discovery rate (FDR) q value were calculated. Conventionally, a gene set with an ES value greater than 0.5 and FDR q value less than 0.25 was deemed as a significantly enriched gene set. Data of microarray and mRNA-seq were analyzed using R software (version 3.5.1).




Results


M1 polarization gene set was significantly enriched in thyroid tissue and peripheral blood CD14+ monocyte-macrophages of AITD patients

By searching the GEO database and assessing quality, 118 transcriptome microarray or sequencing datasets on macrophage polarization were included in this study. We completed the integrated analysis of the DEGs in the above datasets using the RRA tool. Tables S3–S6 show datasets related to M1 and M2 macrophage polarization in human and mouse, respectively. Table S7 and Table S8 respectively shows the M1 polarization and M2 polarization characteristic gene sets of human and mouse macrophages established in this study. To investigate the representativeness of the above gene sets, we analyzed M1 or M2 polarization in GSE82227, GSE123603, and GSE123180 by GSEA method, and found that the gene sets of macrophage polarization established in our study had significant reliability (Figure S1).

In GSEA analysis of AITD, the results showed that M1 polarization gene set was enriched in AITD thyroid tissue but without significance (ES=0.47, P=0.02, FDR q=0.02). In GSEA analysis of GD and HT, the results showed that M1 polarization gene set was significantly enriched in GD thyroid tissue (ES=0.54, P<0.001, FDR q=0.12) and HT thyroid tissue (ES=0.70, P=0.04, FDR q=0.13), but not for M2 polarization gene set (Figures 1A–C). In GSEA analysis of peripheral CD14+ monocyte-macrophages of AITD patients, M1 polarization gene set was significantly enriched in CD14+ monocyte-macrophages of patients with AITD and GD (AITD: ES=0.52, P<0.001, FDR q<0.001; GD: ES=0.55, P<0.001, FDR q<0.001), but not for M2 polarization gene set. HT patients showed a moderate enrichment of M1 polarization gene set in the CD14+ monocyte-macrophages (ES=0.40, P <0.001, FDR q <0.001) (Figures 1D–F). In addition, immunohistochemical results indicated that macrophage marker molecule CD68 was significantly expressed in both GD and HT thyroid tissue, but not in normal thyroid tissue (Figure 1G).




Figure 1 | GSEA of macrophage polarization and immunohistochemical analysis in AITD patients. (A) In AITD thyroid tissue (From left to right: M1 and M2); (B) In GD thyroid tissue (From left to right: M1 and M2); (C) In HT thyroid tissue (From left to right: M1 and M2); (D) In CD14+ monocyte-macrophages of AITD patients (From left to right: M1 and M2); (E) In CD14+ monocyte-macrophages of GD patients (From left to right: M1 and M2); (F) In CD14+ monocyte-macrophages of HT patients (From left to right: M1 and M2); (G) Immunohistochemical results of CD68 in controls, HT and GD patients in sequence.





High iodine could cause an imbalance of macrophage polarization in vitro and in vivo studies

After high iodine stimulation of RAW264.7, ELISA results confirmed that the expression levels of M1 characteristic molecules IL-1 β and IL-6 increased after high iodine (10mM of NaI) stimulation (P=0.026 and 0.021, respectively) (Figure 2A). qRT-PCR further showed that the mRNA expression levels of IL-1β and IL-6 increased after high iodine (10mM of NaI) stimulation (P=0.01 and 0.005, respectively), while the expression levels of M2 characteristic molecule IL-10 decreased (P=0.04) (Figure 2B). Results of flow cytometry showed that high iodine (10 mM of NaI) induced excessive polarization of macrophages to M1 and increased the proportion of M1 macrophages (14.7% vs 18.4%, P=0.012). There was no significant effect on the proportion of M2 macrophages (0.4% vs 1.0%, P=0.31) (Figures 2C, D). Human PBMCs were also stimulated by high iodine. It was found that high iodine (10 mM of NaI) could induce the transformation of monocytes into the pro-inflammatory type (CD14++CD16-) (41.8% vs 61.0%, P=0.002) and significantly reduce the proportion of M2 macrophages (CD14+CD163+CX3CR1+) (84.4% vs 68.9%, P=0.0007). However, high iodine stimulation had no effect on the proportion of M1 macrophages (CD14+CD68+CCR2+) and M1/M2 ratio (Figures 3A, B). Results of PCR and CBA also confirmed that high iodine could promote the expressions of IL-6 and IL1-β in PBMCs (P<0.05, Figures 3C, D).




Figure 2 | High iodine stimulation of RAW264.7. (A) ELISA results of supernatants; (B) qRT-PCR results; (C) Flow cytometry of macrophage proportions. a: 0 mM of NaI control group; b:10 mM of NaI intervention group; (D) Statistics of macrophage proportions.






Figure 3 | High iodine stimulation of human PBMCs. (A) Flow cytometry of macrophage proportions. a: 0 mM of NaI control group; b:1mM of NaI intervention group; c: 10mM of NaI intervention group; (B) Statistics of macrophage proportions (10mM NaI could significantly reduce the proportion of M2 macrophages and increase the proportion of pro-inflammatory monocytes); (C) qRT-PCR results; (D) CBA results of supernatants.



To further study the effect of high iodine on the polarization of macrophages, we systematically studied the transcriptome profile of RAW264.7 cells stimulated by high iodine. The mRNA-seq results showed that 10 mM of NaI could significantly promote the polarization of macrophages and increase the expression levels of pro-inflammatory and pro-immune response molecules. NaI of 1 mM had a certain activation effect on macrophages and increased the expression levels of some key immune molecules, but the effect was weaker than 10 mM of NaI (Figure 4A), while 0.1 mM of NaI had no significant effect on the activation of macrophages. GO analysis found that high iodine could activate several immune response-related pathways in macrophages, such as immune response, innate immune response, IFN-γ pathway, and other signaling pathways (Figure 4B). GSEA further showed that 0.1 mM and 1 mM of NaI did not significantly affect macrophage polarization, while 10 mM of NaI significantly promoted M1 polarization of macrophages (ES=0.71, P<0.001, FDR q<0.001), and had no remarkable effect on M2 polarization of macrophages. (Figure 4C).




Figure 4 | mRNA-seq of RAW264.7 cells stimulated by high iodine. (A) Differences in the mRNA transcriptome of various groups (NaI of 0 mM, 1mM and 10mM); (B) GO analysis; (C) GSEA of macrophage polarization in transcriptome of RAW264.7 cells stimulated by 10 mM of NaI (From left to right: M1 and M2).



In the experiment of mouse thyroiditis model, we analyzed the effect of high iodine on the polarization of mouse spleen macrophages by flow cytometry. It was found that the proportion of M2 macrophages (CD45+CD11b+Ly6G-F4/80+CD206+) in the model group was significantly decreased when compared with control group (4.6% vs 3.4%, P=0.021). There was no significant effect on M1 macrophages (CD45+CD11b+Ly6G-F4/80+CD206-) (6.1% vs 6.2%, P=0.89). High iodine had a certain promotion in M1/M2 ratio, but there was no statistically significant difference (1.4 vs 2.2, P=0.08) (Figures 5A, B). Besides, we also performed GSEA analysis of macrophage polarization in mouse thyroid tissue. mRNA-seq data were obtained from our previous study (34), including normal controls (n=3) and thyroiditis model group (n=5). GSEA results showed that M1 polarization characteristic gene set was significantly enriched in the thyroiditis group (ES=0.63, P<0.001, FDR q<0.001), while M2 was not (ES=0.38, P<0.001, FDR q<0.001) (Figure 5C).




Figure 5 | Effect of high iodine on mouse macrophage polarization. (A) Flow cytometry of macrophage proportions in spleen tissue. a: control group; b: model group; (B) Statistics of macrophage proportions; (C) GSEA of macrophage polarization in transcriptome of thyroid tissue from model group (From left to right: M1 and M2).





HK3 was highly expressed in PBMCs and thyroid tissue of AITD

By searching GEO database, we found 15 datasets of peripheral blood transcriptome profiles of patients with autoimmune diseases that met the inclusion criteria of our study (Table S9). We used RRA analysis to evaluate the expressions of 402 key metabolic genes in these patients with autoimmune diseases, and found that HK3 was the most significant key metabolic gene with abnormal expression in autoimmune diseases (adjusted P=1.2×10-9, Figure 6A). We further verified the expression of HK3 in PBMCs and thyroid tissue of AITD patients. qRT-PCR results showed that the expression level of HK3 in PBMCs of GD (n=30) and HT patients (n=30) was significantly higher than that of controls (n=30) (P=0.019 and 0.045, respectively), while there was no abnormal expression of HK1 and HK2 in PBMCs of AITD patients (P>0.05) (Figures 6B, C). Immunohistochemical studies showed that HK3 was significantly expressed in both GD and HT thyroid tissue, but not in normal thyroid tissue (Figure 6D).




Figure 6 | HK3 was highly expressed in PBMCs and thyroid tissue of AITD. (A) RRA analysis (HK3 was the most significant key metabolic gene); (B) mRNA expression of HK1, HK2 and HK3 in PBMCs of GD patients; (C) mRNA expression of HK1, HK2 and HK3 in PBMCs of HT patients; (D) Immunohistochemical results of HK3 in controls, HT and GD patients in sequence.





High iodine could promote HK3 expression in macrophages and knockdown of HK3 could significantly inhibit the degree of M1 polarization

In vitro cell culture, it was found that high iodine (10 mM of NaI) stimulation could increase the expression level of HK3 in RAW264.7 cells (P=0.01), but had no significant effect on HK1 and HK2 (P>0.05) (Figure 7A). We further transfected RAW264.7 cells with HK3 shRNA lentivirus to knock down HK3 expression level. The proportion of M1 macrophages in the HK3 shRNA lentivirus-transfected group was increased by 1.26-fold after high iodine (10 Mm of NaI) stimulation (4.8% vs 6.0%, P=0.005). The proportion of M1 macrophages was also significantly increased by 1.77-fold (11.6% vs 20.6%, P<0.001) in the negative lentivirus transfection group after high iodine (10 mM of NaI) stimulation. Compared with the negative lentivirus group, the M1 macrophages increment ratio decreased significantly in the HK3 shRNA lentivirus transfected group (1.77-fold vs 1.26-fold, P<0.001), indicating that targeted knockdown of HK3 expression level in macrophages can significantly inhibit the degree of M1 polarization of macrophages induced by high iodine (Figures 7B, C).




Figure 7 | High iodine can promote HK3 expression in RAW264.7 cells. (A) mRNA expression of HK1, HK2 and HK3 after high iodine stimulation; (B) Flow cytometry of macrophage proportions. a: HK3 shRNA lentivirus-control group; b: HK3 shRNA lentivirus-high iodine stimulation group; c: negative lentivirus-control group; d: negative lentivirus high-iodine stimulation group; (C) Statistics of macrophage proportions.





HK3 gene knockout could cause an imbalance of macrophage polarization in spleen and thyroid tissue

A total of 20 female C57BL/6 mice were used in this study. Mouse spleens from WH and KH group were ground and the cells were examined by flow cytometry. The results showed that compared with WH group, the proportion of M1 macrophages and the ratio of M1/M2 were significantly decreased (5.74% vs 3.93%, P=0.024; 1.48 vs 0.65, P=0.007, respectively), suggesting that HK3 knockout inhibited M1 polarization of macrophages in mouse spleen (Figures 8A, B). mRNA-seq of thyroid tissue was used to screen out DEGs between the two groups (5 mice per group). GO analysis revealed that DEGs were involved in biological processes such as response to bacterium, innate immune response, humoral immune response and positive regulation of cell activation (Figure 8C). KEGG analysis found that DEGs were enriched in a variety of immune-related pathways, including natural killer cell-mediated cytotoxicity pathway, B cell receptor signaling pathway, Fcγ R-mediated phagocytosis, and AITD (Figure 8D). GSEA results showed that both M1 and M2 polarization signature gene sets were significantly enriched in the thyroid tissue of WH group (M1: ES=0.60, P<0.001, FDR q<0.001; M2: ES=0.61, P<0.001, FDR q<0.001). In other words, M1 and M2 were significantly polarized in the wild-type thyroiditis group compared with the HK3- knockout thyroiditis group (Figure 8E).




Figure 8 | In vivo experiment of HK3 gene knockout mice. (A) Flow cytometry of macrophage proportions in spleen tissue. a: WH group; b:KH group; (B) Statistics of macrophage proportions; (C) GO analysis; (D) KEGG analysis; (E) GSEA of macrophage polarization in transcriptome of thyroid tissue from WH group (From left to right: M1 and M2).





Systems biology revealed the role of HK3 in the pathogenesis of GD

According to the data of The Human Protein Atlas (www.proteinatlas.org), HK3 is mainly expressed in immune-related tissue, especially in monocyte-macrophages. In addition, according to the mRNA-seq data of CD14+ monocyte-macrophages, the expression abundance of HK3 in CD14+ monocyte-macrophages were also significantly higher than that of HK1 and HK2 (Figure S2A), suggesting that HK3 may be the main glycolysis enzyme playing a role in monocyte-macrophages.

Furthermore, we analyzed the proportion of major immune cells in the GSE9340 dataset using CIBERSORT (Figure S2B). It was found that HK3 was significantly correlated with the M1 macrophages proportion and M1/M2 ratio in GD thyroid tissue (Figure S2C). In WGCNA analysis of GD thyroid tissue, the Darkred module was most correlated with HK3, with a correlation coefficient of 0.85 (P=1.0×10-5) (Figures S2D, E). Key genes in the co-expression module of Darkred mainly included CXCL9, CXCL10, CD84, IFNG, TNF, IFI30, TYROBP, TLR8 and other genes (Figure S2F). GO enrichment analysis found that the function of this module was mainly enriched in various immune pathways (Figure S2G). GSEA analysis showed that HK3 in GD thyroid tissue was significantly related to the M1 macrophage polarization (ES=0.66, P=0.002, FDR q=0.002), but not to M2 polarization (ES=0.42, P=0.02, FDR q=0.09) (Figure S2H). These results suggest that HK3 may be involved in the pathogenesis of GD by affecting the polarization of macrophages.




Discussion

Macrophage polarization is one of the research hotspots in recent years, and it plays a key role in the pathogenesis of many diseases (37–39). By studying the role of macrophage polarization and its key regulatory factors in the pathogenesis of some diseases, it is expected to provide new therapeutic strategies or targets for those diseases (15). Currently, there is little research on the role of macrophage polarization in the pathogenesis of AITD. Therefore, in order to study the role of macrophage polarization in AITD, it is imperative to conduct an in-depth analysis from a holistic and systematic perspective (40–42). In this study, a set of characteristic genes for macrophage polarization was established using systems biology methods. In addition, we further studied the role of macrophage polarization in AITD by GSEA analysis. The results showed that M1 polarization gene set were significantly enriched in thyroid tissue and peripheral blood CD14+ monocyte-macrophages of patients with GD and HT, suggesting that M1 polarization is closely related to the occurrence and progression of AITD. Immunohistochemical study also showed that macrophage infiltration was evident in both GD and HT thyroid tissue. These results demonstrated the important role of innate immune pathways in the pathogenesis of AITD from the perspective of macrophage polarization. In consequence, the targeted regulation of macrophage polarization is expected to become a new strategy for the treatment of AITD.

Current studies have found that genetic, environmental, immune and other factors can affect the function of macrophages, induce their polarization imbalance, and further trigger a variety of immune-related diseases (43–46). A range of environmental factors, such as high-salt diet and vitamin D deficiency, can promote the transformation of macrophages into the pro-inflammatory type, thus affecting the balance of macrophage polarization and promoting the occurrence of immune-related diseases (47–50). Binger et al. showed that high salt could inhibit the polarization of M2 macrophages, leading to the imbalance of M1/M2 ratio and increasing the risk of autoimmune diseases (48). Another study showed that a high-salt diet could activate macrophages in mice and increase the expression of pro-inflammatory and immune-related genes (47). In this study, we proposed the hypothesis that high iodine, as an important environmental risk factor for AITD, could induce the imbalance of macrophage polarization and promote the occurrence of AITD. In the present study, we have confirmed that high iodine can promote the unbalanced polarization of macrophages through various methods. First, we stimulated mouse monocyte-macrophages with high iodine in vitro and found that high iodine could significantly promote M1 polarization of macrophages. Then, we conducted primary culture of human PBMCs in vitro and found that high iodine could inhibit M2 macrophage polarization and induce the transformation of monocytes into the pro-inflammatory type. Finally, we used the thyroiditis model to further confirm that high iodine caused imbalance of macrophage polarization in vivo. From multiple perspectives, our study established that iodine could induce M1 polarization or inhibit M2 polarization, resulting in the imbalance of macrophage polarization and ultimately promoting the occurrence of AITD. Besides, in order to further study the molecular mechanism involved in the high-iodine-mediated imbalance of macrophage polarization, we studied the transcriptome expression profile of macrophages stimulated by high iodine through mRNA-seq, and found that DEGs were associated with several immune response-related pathways. These results suggest that high iodine may affect macrophage polarization through a variety of immunological mechanisms, and more studies are needed for further investigations.

It is important to note that despite the above findings, several issues need to be highlighted in the study of the effects of high iodine on macrophage polarization. 1) Although a concentration gradient of NaI was set to stimulate RAW264.7 cells and PBMCs in vitro, the results showed that only 10mM of NaI significantly induced macrophage polarization. Based on the studies of others (21), we hypothesized that under the stimulation of low concentration of NaI, macrophages could balance the iodine concentration inside and outside the cells through the down-regulation of NIS expression, and maintain their own homeostasis without leading to obvious polarization. However, in response to high iodine stimulation, this homeostasis may be broken and macrophage polarization occurs. 2) Although the qPCR and CBA results of human PBMCs stimulated by high iodine in vitro showed that IL-6 and IL-1β were significantly upregulated, these two cytokines, which may be derived from lymphocytes, could not directly explain the effect of high iodine on macrophage polarization and cytokine production, but only as indirect evidence. 3) The polarization of macrophages seemed to be different in RAW264.7 cells, PBMCs, and tissue of thyroiditis model mice. In our study, hyperpolarization of M1 mainly occurred in RAW264.7 cells in vitro and thyroid tissue in vivo, while in PBMCs in vitro and spleen tissue in vivo, unbalanced polarization of macrophages was triggered mainly by inhibiting M2 polarization. However, these two effects ultimately lead to the same outcome, that is, a relative increase in M1 macrophage polarization and enhanced pro-inflammatory and pro-immune effects. There are several possible explanations for the inconsistent regulation of macrophage polarization by high iodine. First of all, the immune microenvironment of macrophages in vivo and in vitro is completely different. Similarly, monocyte-macrophages from RAW264.7 cells and PBMCs, as well as macrophages in thyroid and spleen tissue, were also exposed to different immune microenvironments, which may have impact on macrophage polarization state. Secondly, the time and concentration of high iodine stimulation differed in vivo and in vitro experiments; therefore, dissimilar effects might be caused. Finally, the data of flow cytometry and GSEA could only reflect the proportion of macrophages, but could not accurately reflect the function of macrophages. In subsequent studies, more research methods could be used to accurately assess the polarization state of macrophages.

In recent years, studies have found that energy metabolism in immune cells is closely related to the function of them, which mainly includes glycolysis, tricarboxylic acid cycle, phosphopentose pathway (PPP), fatty acid oxidation, fatty acid synthesis, and amino acid metabolism (51). Metabolic reprogramming is changes in energy metabolism of immune cells during differentiation or activation (22). It has been confirmed that M1 macrophages are mainly powered by glycolysis, while M2 macrophages are mainly powered by mitochondrial oxidative phosphorylation. During M1 polarization, macrophages switch energy metabolism to glycolysis through metabolic reprogramming. ATP can be efficiently supplied to macrophages when glycolysis levels are significantly elevated. This is called the Warburg effect (also known as aerobic glycolysis). This transformation can significantly increase proliferation and pro-inflammatory and pro-immune response effects of macrophages (52). Aerobic glycolysis in macrophages can generate ribose through PPP for nucleotide synthesis, and the synthesis of NAPDH can further generate reactive oxygen species (ROS) to participate in the immune response. Key glycolytic enzymes of macrophages are important in regulating metabolic reprogramming, such as fructose-6-phosphate kinase (PFKFB3) and pyruvate kinase isoenzyme (PKM2). Dysfunction of these key enzyme can cause imbalance of macrophage polarization, and the effects of metabolic reprogramming on immune cells function mediated by different isozyme are significantly different (53–57). In addition to PFKFB3 and PKM2, hexokinase (HK) is a key enzyme in glycolysis and plays an important role in regulating energy metabolism of immune cells (58–60). Unlike the first two key enzymes of glycolysis, HK catalyzes the first step of glycolysis metabolism, and the catalyzed production of glucose 6-phosphate (G-6-P) can not only be used for glycolysis, but also enter multiple alternative pathways such as PPP pathway. Thus HK-mediated metabolic reprogramming is significantly different from PFKFB3 and PKM2 (61). There are mainly four isoenzymes of HK in humans, namely, HK1, HK2, HK3 and glucokinase (GCK, also known as HK4). At present, the research on regulation of energy metabolism by HK in cells mostly involves tumors. Targeted inhibition of HK1 or HK2 can inhibit the aerobic glycolysis of tumor cells, promote mitochondrial oxidative phosphorylation, and inhibit the proliferation and growth of tumor cells, which is a new strategy for tumor treatment (62–64). That HK3 is mainly expressed in monocyte-macrophages of the immune system proves that HK3 may play a key role in the activation or polarization of macrophages. In this study, we explored the mechanisms of macrophage polarization induced by high iodine from the perspective of HK3 through integrating systems biology, clinical studies, cell culture and animal studies. Results showed that HK3 was significantly overexpressed in thyroid tissue and peripheral PBMCs of AITD. In vitro studies also showed increased HK3 expression in macrophages stimulated by high iodine. In addition, both in vivo and in vitro experiments confirmed that the proportion of M1 macrophages decreased after HK3 knockdown and knockout. mRNA-seq of thyroid tissue also revealed that HK3 was involved in multiple immunity events. Meanwhile, GSEA analysis of thyroid tissue showed that M1 and M2 in the wild-type model group were significantly polarized compared with the HK3 knockout model group. These results suggest that HK3 knockout affects macrophage polarization in thyroid tissue. However, it is not clear whether the effect is greater for M1 or M2, and therefore the M1/M2 ratio cannot be derived. Taken together, as a key enzyme in glycolysis, HK3 overexpression induced by high iodine may cause hyperpolarization of macrophages to pro-inflammatory M1 type through metabolic reprogramming, which may over-activate the immune system and break the immune homeostasis in the microenvironment of organ tissue, and finally trigger AITD. The targeted regulation of HK3 to control macrophage polarization is expected to be a new approach to effective treatment of autoimmune diseases such as AITD.

There are deficiencies in this study. Due to the difficulty of collecting thyroid tissue from AITD patients and the small amount of thyroid tissue from animal models, flow cytometry cannot be used for detecting the proportion of macrophage in thyroid tissue. At the same time, the currently available high-throughput data on thyroid tissue are relatively limited, and it is not possible to use more systems biology tools to systematically and comprehensively study the pathogenesis of AITD. Subsequent in-depth studies can be conducted by collecting large samples of thyroid tissue in AITD patients, which is expected to fully reveal the pathogenesis of this disease and find effective targets for prevention and treatment.
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Supplementary Figure 1 | GSEA validation of human and mouse macrophage polarization gene sets. (A) Enrichment plots of human macrophage polarization gene sets in the GSEA analysis of human M1 polarization induced by IFN-γ in GSE82227 (From left to right: M1 and M2; M1: ES=0.92 (P<0.001, FDR q <0.001; M2: ES=0.40, P=0.91, FDR q=0.91); (B) Enrichment plots of human macrophage polarization gene sets in the GSEA analysis of human M2 polarization induced by IL-4 in GSE123603(From left to right: M1 and M2; M1: ES=0.31, P=0.67, FDR q=0.68; M2: ES=0.93, P<0.001, FDR q <0.001); (C) Enrichment plots of mice macrophage polarization gene sets in the GSEA analysis of mice M1 polarization induced by LPS in GSE123180(From left to right: M1 and M2; M1:ES=0.89,P<0.001, FDR q <0.001; M2: ES=0.35, P=0.36, FDR q=0.37); (D) Enrichment plots of mice macrophage polarization gene sets in the GSEA analysis of mice M2 polarization induced by IL-4 in GSE123180 (From left to right: M1 and M2; M1: ES= -0.62, P<0.001, FDR q <0.001;M2: ES=0.92,P<0.001, FDR q <0.001).

Supplementary Figure 2 | Systems biology revealed the role of HK3 in the pathogenesis of GD. (A) HK3 expression abundance in CD14+ monocyte-macrophages; (B) The proportion of major immune cells in 18 thyroid tissue in the GSE9340 dataset; (C) The relationship between HK3 and the proportion of M1 macrophages and M1/M2 ratio; (D) HK3-related co-expression gene modules by WGCNA analysis; (E) Darkred module was most correlated with HK3; (F) Heatmap of key genes of Darkred module; (G) GO analysis; (H) GSEA analysis.
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