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Background

Previous studies reported that various miRNAs participate in autoimmune diseases, but the potential regulatory mechanism of miRNAs in autoimmune thyroiditis (AIT) needs further exploration.



Objective

This study aimed to further verify that miR-326 contributes to AIT by regulating Th17/Treg balance through Ets-1 using lentiviral gene delivery through tail vein and thyroid injection in NOD.H-2h4 mice.



Materials and Methods

Five-week-old NOD.H-2h4 mice were divided randomly into tail vein and thyroid injection groups, and each received either mmu-miR-326 sponge (LV-sponge) or lentiviral vector control. Mice were divided for tail vein injection: the therapeutic LV-ctrl, therapeutic LV-sponge, prophylactic LV-ctrl, and prophylactic LV-sponge groups. The control group was fed high-iodine water without vein injection. The thyroid infiltration of lymphocytes and serum TgAb value were investigated by thyroid hematoxylin and eosin (HE) staining and ELISA, respectively. Ets-1 and lymphocyte counts were measured by RT-PCR, western blotting, and flow cytometry. The thyroid CD4+IL-17a+ cells and CD4+Ets-1+ cells were detected by immunofluorescence, and the serum cytokines were tested by ELISA.



Results

In the tail vein injection groups, the thyroid inflammatory score and serum TgAb titer were significantly lower in the LV-sponge groups than in the control and LV-ctrl groups while Ets-1 protein expression in mouse spleens was increased in the LV-sponge groups. Moreover, Th17/Treg ratio declined in the LV-sponge group and decreased significantly in the prophylactic LV-sponge group (P = 0.036) tested by flow cytometry. Immunofluorescence showed that, in LV-sponge groups, CD4+IL-17a+ cells were decreased significantly (P = 0.001), while CD4+Ets-1+ cells were increased significantly in the LV-sponge group (P = 0.029). The serum IL-17/IL-10 was decreased significantly in the LV-sponge group (P < 0.05). In the thyroid injection groups, the thyroid inflammatory score and serum TgAb titer in the LV-sponge group decreased significantly compared with those in the LV-ctrl group (P < 0.05). In addition, in LV-sponge groups, CD4+IL-17a+ cells were decreased, while CD4+Ets-1+ cells were increased significantly in the inhibition group evaluated by immunofluorescence. Moreover, tail vein injection of LV-sponge resulted in much lower TgAb levels in thyroiditis compared with thyroid injection.



Conclusion

MiR-326 targeted therapy may be a promising approach for AIT. In addition, tail vein injection may achieve a better intervention effect than thyroid injection.
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Introduction

Autoimmune thyroiditis (AIT), a type of autoimmune thyroid disease (AITD), mainly includes Hashimoto’s thyroiditis (HT), atrophy thyroiditis, and Riedel thyroiditis. The thyroid glands of patients with AIT undergo lymphocyte infiltration and thyroid follicular destruction. Circulating serum autoantibodies such as thyroid peroxidase antibody (TPOAb) and thyroglobulin antibody (TgAb) in HT patients lead to thyroid atrophy or fibrosis accompanied by hypothyroidism (1, 2). It has been reported that environmental factors trigger the occurrence of AIT in a genetic background. According to experimental studies using animal models with genetic susceptibility and epidemiological studies, the incidence of AIT was increased by high iodine intake (3–6). Nevertheless, the specific mechanism of AIT remains unclear. AIT is often interrelated with other autoimmune diseases, such as rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), and type I diabetes (T1D) (7). Elucidating AIT pathogenesis could benefit AIT diagnosis and prevention.

Through antigen recognition and the presence of cytokines, naïve CD4+ T cells differentiated into Th1 (mainly synthesized IFN-γ), Th2 (mainly synthesized IL-4), Th17, and regulatory T (Treg) cells, participate in the occurrence and progression of autoimmune diseases. Th17 cells producing IL-17 promote inflammation, while Treg cells producing cytokines IL-10 anti-inflammatory inhibit immune responses. Th17/Treg balance plays a vital role in many autoimmune diseases. Numerous studies suggest that the Th17/Treg balance resides in the core of pathogenic mechanisms driving autoimmune diseases and can be used as an important indicator of disease status (8–13). The breakdown of the Th17/Treg ratio participated in AITD, which was thought to contribute to the disruption of the Th1/Th2 balance (14, 15). A variety of mechanisms related to Treg and Th17 participate in AITD (11). For example, the Ets-1 protein, an Ets family transcription factor with a unique Ets domain that could bind to different DNA sequences, could act as a negative regulator of Th17 cells (16). Meanwhile, Ets-1 plays an important role in the suppressive activity of CD4+CD25+ Treg cells and stable expression of Foxp3 (17). The present study will further evaluate lymphocyte subsets and their regulatory mechanisms in an autoimmune thyroiditis mice model.

NOD.H-2h4 mice were obtained by hybridizing B10.A (4R) and NOD mice and then backcrossing with MHC haplotype (H-2K) expression of B10.A (4R) offspring to NOD mice (18, 19). H-2K mice are genetically susceptible to autoimmune thyroid diseases (20). This mouse model had lifelong SAT characterized by intrathyroidal lymphocyte infiltration and increased TgAbs. Furthermore, overdose iodide intake promoted SAT incidence and severity in NOD.H2h4 mice, resulting as an ideal AIT experimental animal model (19, 21).

MicroRNAs (miRNAs) are a class of small, endogenous, single-stranded, non-coding RNAs that usually contain 18–24 nucleotides. Typically, miRNAs inhibit gene expression at the posttranscriptional level through specific bonds with the 3′-UTR of target mRNAs. In our previous study, miR-326 participated in Th17 regulation by targeting Ets-1 protein in vitro (22). This study further verified that miR-326 participated in AIT by regulating Ets-1 protein to regulate Th17/Treg balance through in vivo intervention.



Materials and Methods


Mice and Groups

NOD.H-2h4 mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and were bred and kept in a pathogen-free environment at the Animal Experiment Center of China Medical University. All protocols for animal care and experiments were in accordance with the Guidelines for Animal Experimentation and were approved by the Animal Ethics Committee of China Medical University. Two kinds of lentivirus (mmu-mir-326 sponge, LV-sponge, 1 × 109 TU/ml) and lentivirus-specific control (LV-ctrl) synthesized by HANBIO (Shanghai, China) were used for tail vein injection and local thyroid injection in mice. Sponge is a miR-326-specific decoy target that can bind to miR-326 to inhibit the activity of endogenous miR-326 without affecting its transcripts. NOD.H-2h4 mice (5 weeks old) were randomly divided into five groups and given high-iodine water that contained 0.05% sodium iodide (NaI) (approximately 1,000 times the normal daily iodine intake) for 12 weeks. The five groups were the control group, therapeutic lentiviral vector control group (therapeutic LV-ctrl), therapeutic lentiviral vector inhibitor of mir-326 group (therapeutic LV-sponge), prophylactic lentiviral vector control group (prophylactic LV-ctrl), and prophylactic lentiviral vector inhibitor of mir-326 group (prophylactic LV-sponge group). Except for the control group, the other four groups were treated with lentivirus tail vein intervention. In the therapeutic groups, the starting time of mouse tail vein injection was followed by 6 weeks of iodine water feeding, while the beginning time of tail vein injection was the same as that of iodine water feeding in the prophylactic group. Each mouse was injected two times, 1 × 107 TU/each time, with an interval of two weeks. Mice were sacrificed by iodine feeding for 12 weeks. In the intrathyroid injection experiments, 5-week-old NOD.H-2h4 mice were divided into the control group (LV-ctrl) and LV-sponge groups. After skin preparation of the mouse neck, the thyroid gland was exposed by longitudinal incision. Lentivirus was injected into the thyroid bilaterally once at 0.5 × 107 TU per lobe at the beginning of high-iodine water feeding, and the mice were sacrificed after iodine feeding for 10 weeks.



RT-qPCR Analysis

To determine the level of mRNA, RNA was reverse transcribed into mRNA by PrimeScriptTM RT Reagent Kit 036A (TaKaRa) and quantified by SYBR® Premix Ex TaqTM II 820A (TaKaRa). Data normalization of each sample was performed according to the GAPDH level. RT-qPCR analysis was carried out with a LightCycler 480 system. The primer sequences (synthesized by Sangon Biotech, Shanghai) are listed in Table 1.


Table 1 | mRNA sequences of primers used for RT-qPCR.





Flow Cytometry Analysis of Lymphocytes

For staining T/B/cytotoxic T cells (Tc)/helper T cells (Th), spleen mononuclear cells were obtained and incubated with rat anti-mouse CD16/CD32 (Fc-block) to block Fc-receptor binding. Then, anti-mouse CD3-FITC, anti-mouse CD4-PerCP, anti-mouse CD8a-PE, and anti-mouse B220-APC were added and incubated at room temperature for 20 min to test extracellular proteins. For Th1/Th2/Th17/Treg cell staining, spleen mononuclear cells were obtained and incubated with a cell activation cocktail (with Brefeldin A) at 37°C for 5 h. Then, the cells were incubated with Fc-block at room temperature for 10 min to avoid non-specific binding. To detect extracellular proteins, anti-mouse CD4-PerCP and anti-mouse CD25-APC were added before intracellular IL-17, IL- 4, and IFN-γ antibody staining and were incubated at room temperature for 20 min. For intranuclear staining after extracellular antibodies were added, the True-Nuclear™ Transcription Factor Buffer Set was applied before and after anti-mouse Foxp3-PE antibody incubating for 20 min at room temperature in the dark. The lymphocyte cells were tested and analyzed with FACScan Flow Cytometry and WinMDI2.9. Each sample was set to analyze 20,000 cells. All the reagents were purchased from BioLegend or BD, USA.



SAT Induction and Evaluation

Mouse thyroid paraffin sections were collected for hematoxylin and eosin (HE) staining. The SAT mice exhibited thyroid lymphocyte infiltration and follicle expansion and lesions. The severity of lymphocyte infiltration in thyroiditis was rated by the collective areas of inflammatory lymphocyte cells as previously described (23): 0, no infiltration; 1, 1–10% infiltration; 2, 10–30% infiltration; 3, 30–50% infiltration; 4, greater than 50% infiltration. The thyroiditis score was expressed as the mean of at least three non-consecutive sections of thyroid tissue.



ELISA Analysis of TgAbs

The level of serum mTg-specific IgG antibody was detected by enzyme-linked immunosorbent assay (ELISA) as previously reported (22–24). The serum from each individual mouse was diluted 1:200 with PBS. Peroxidase-labeled goat anti-mouse IgG diluted 1:5,000 in PBS (Sigma, USA) was added. A microplate reader (Bio-Rad 680, US) was used to read optical density values at 450 nm.



ELISA Analysis of Serum Cytokine

Mice serum cytokines IFN-γ, IL-4, IL-17a, and IL-10 were analyzed using Luminex Mouse Discovery Assay (4-Plex, R&D Systems, USA). All samples were processed according to the manufacturer’s instructions.



Western Blot Analysis of Ets-1 Protein

The mouse spleen proteins were extracted by a protein extraction kit (Keygen Biotech, Nanjing, China), and then the extracted supernatant was quantified with a BCA Protein Concentration Assay Kit (Beyotime, Shanghai, China). The specific western blot analysis procedures were performed according to a previous study (22). The primary antibodies were anti-ETS-1 antibody (1:1,000 dilution; Cell Signaling Technology) and β-actin (1:5,000; Proteintech). Peroxidase-conjugated goat anti-mouse IgG (1:5,000 dilution; Proteintech) was used as the secondary antibody.



Immunofluorescence Analysis

Immunofluorescence assay was performed on frozen sections of thyroid tissue. Briefly, after 1% BSA added for preventing nonspecific binding, 5-μm sections of thyroid tissue was incubated by CD4+ (Biolegend), anti-IL-17a antibody (Affinity) and Ets-1 antibody (Affinity) as primary antibodies according to the manufacturer’s instructions. Then secondary antibodies were added. Under high-power (HP) microscope, three view fields of each mouse thyroid section were randomly selected to count the number of CD4+Ets-1+ cells CD4+IL-17+cells.



Statistical Analysis

Data analyses were conducted in SPSS 22.0. Normally distributed data are presented as the mean ± standard deviation, and non-normally distributed data are expressed as the median (quartile). The distribution between the two groups was compared by independent sample t test or rank sum test, and P <0.05 was statistically significant.




Results


Inhibition of miR-326 by Lentivirus Injection in the Tail Vein


T cell and B Cell Subsets in NOD.H-2h4 Mice

Flow cytometry analysis was used to test whether T and B cell balance was affected by miR-326 intervention. The results showed that the counts of T cells, B cells, cytotoxic T (Tc) cells, and helper T (Th) cells in LV-sponge groups were not different from those in the control group and LV-ctrl groups, suggesting that the in vivo intervention by lentivirus had no effect on the balances of T and B cell groups and Th and Tc cell subgroups in mice (Figure 1).




Figure 1 | The balance of T cells, B cells, helper T cells (Th), and cytotoxic T cells (Tcs) was not affected by in vivo intervention. Flow cytometry analysis was used to assess the counts of T cells, B cells, Th, and Tc cells in LV-sponge groups, control group, and LV-control groups, N = 6–10 mice/group.





Lymphocyte Infiltration Inflammatory Score of Thyroid Glands and TgAb Titers in NOD.H-2h4 Mice

Thyroid inflammation was determined according to the lymphocyte infiltration area using HE staining of frozen sections of the thyroid gland. Compared with LV-ctrl groups, we found that the scoring of thyroid inflammation in LV-sponge groups was decreased significantly (Figure 2A, P < 0.05). Consistent with the inflammatory score of the thyroid, the serum TgAb titers of the LV-sponge groups were significantly lower than those of the LV-ctrl groups (P < 0.01), and the TgAb level of the prophylactic LV-sponge group was significantly lower, as shown in Figure 2B.




Figure 2 | Lymphocyte infiltration inflammatory score of thyroid glands and TgAb titers in NOD.H-2h4 mice was decreased in LV-sponge groups. (A) Thyroid inflammation was determined according to the lymphocyte infiltration area using HE staining of frozen sections of the thyroid gland, 200×. (B) TgAb titers were determined by ELISA, N = 12/group.





Ets-1 mRNA Level and Protein Expression in the Spleen of NOD.H-2h4 Mice

RT-PCR was performed to measure Ets-1 mRNA levels in the spleen, and we found no significant difference among the five groups (Figure 3A). The expression of Ets-1 protein in the spleen was determined using western blot and compared with that in the LV-ctrl group; Ets-1 protein expression in the LV-sponge groups was increased. The difference was not significant (Figure 3B, P > 0.05). We further explored the expression of CD4+Ets-1+ cells in thyroid sections. We found that CD4+Ets-1+ cells were increased significantly in LV-sponge group (Figure 3C, P = 0.029).




Figure 3 | Ets-1 protein expression was increased in the spleens of NOD.H-2h4 mice in the LV-sponge groups. (A) RT-PCR was used to detect the levels of Ets-1 mRNA in the spleens of the five groups. (B) The relative expression of Ets-1 protein in the spleen was detected by western blot. (C) Immunofluorescence staining of CD4+Ets-1+ cells in thyroid sections. DAPI, blue; CD4+ Ets-1+ cells are shown in cyan in the nucleus (CD4+, red; Ets-1+, green). Under high-power (HP) microscope, three view fields of thyroid section were randomly selected to count the number of CD4+Ets-1+ cells. Scale bar, 100 μm.





CD4+ T Subset Expression in the Spleen of NOD.H-2h4 Mice

Flow cytometry was used to detect the counts of CD4+ T subset of lymphocytes. We found that there was no significant difference between Th1 and Th2 lymphocytes in the five groups. Compared with the LV-ctrl groups, the counts of Th17 cells decreased in the LV-sponge groups, but there was no significant difference compared with LV-ctrl groups. The counts of Treg cells increased in the LV-sponge group and increased significantly in the prophylactic LV-sponge group (P < 0.05). The Th17/Treg ratio decreased significantly in the prophylactic LV-sponge group (P = 0.036), Figures 4A, B. What’s more, immunofluorescence assay of thyroid tissue showed that, compared with control group, CD4+IL-17a+ cells were decreased significantly in LV-sponge groups (Figure 4D, P = 0.001). These results suggested that after inhibiting the activity of miR-326 in vivo, the Th17 cells promoting inflammation was decreased, and the percentage of Treg cells inhibiting inflammation was increased. Additionally, further RT-PCR results showed that after miR-326 inhibition in vivo, the cytokine IL-22, transcription factor Rorgt, and surface receptors CCR6 and IL-23r, which are related to Th17 cells, decreased significantly in the LV-sponge group (Figure 4C), while IL-17a and Rora showed a downward trend with no significant difference.




Figure 4 | The counts of Th17 cells were decreased in the LV-sponge groups, while Treg cells were increased. (A) The counts of Th1, Th2, Th17, and Treg cells in the spleen assessed by flow cytometry at 12 weeks of high iodine water feeding. CD4+IFN-γ+, CD4+IL-4+, CD4+IL-7+, and CD4+CD25+Foxp3+ T cells represented Th1, Th2, Th17, and Treg cells, respectively. (B) The counts of CD4+IL-7+/CD4+CD25+Foxp3+ (Th17/Treg) decreased significantly in the prophylactic LV-sponge group. (C) RT-PCR was used to evaluate the levels of cytokines, transcription factors, and surface receptors of Th17 cells (*P < 0.05; **P < 0.01). (D) Immunofluorescence staining of CD4+IL-17+ cells in sections of the thyroid. The CD4+ IL-17+ cells are shown in orange (CD4+, red; IL-17+, green). Under high-power (HP) microscope, three view fields of thyroid section were randomly selected to count the number of CD4+IL-17+ cells. Scale bar, 50 μm.





The Serum Cytokine Levels of NOD.H-2h4 Mice

To evaluate the cytokine secretion intensities of IFN-γ, IL-4, IL-17a, and IL-10, we carried out ELISA experiment. We found that there was a downward trend of the level of IL-17a in the prophylactic LV-sponge group, while IL-10 level was increased significantly (P < 0.05). What’s more, IL-17a/IL-10 ratio was decreased significantly in LV-sponge group (Figures 5A, B, P < 0.05).




Figure 5 | IL-17a/IL-10 were decreased significantly in LV-sponge group. (A) The serum cytokine secretion of IFN-γ, IL-4, IL-17a, and IL-10 was detected with ELISA. (B) The ratios of IL-17a/IL-10 were further evaluated in the five groups.





Inhibition of miR-326 by Lentivirus Injection Into the Thyroid

To detect the degree of thyroiditis after thyroid injection, we assessed the lymphocyte infiltration score of the thyroid and the serum titer of TgAb. The thyroiditis score in the LV-sponge group was significantly lower than that in the LV-ctrl group (P < 0.05), as shown in Figure 6A. Moreover, the serum TgAb level in the LV-sponge group decreased significantly compared with that in the LV-ctrl group (*P < 0.05, Figure 6B), consistent with the inhibition of miR-326 in the tail vein injection groups. In addition, the results of immunofluorescence indicated that, compared with the control group, CD4+IL-17a+ cells had a downward trend in LV-sponge groups, while CD4+Ets-1+ cells were increased significantly in the LV-sponge group (Figures 7A, B).




Figure 6 | Evaluation of thyroiditis level by lentivirus thyroid injection inhibiting miR-326 activity. (A, B) The thyroiditis score and TgAb titers of NOD.H-2h4 mice in the LV-sponge group were significantly lower than those in the LV-ctrl group, N = 9–12 mice/group.






Figure 7 | Immunofluorescence staining of CD4+IL-17+ cells and CD4+Ets-1+cells in thyroid section (A, B), the staining method was the same as in Figures 3C and 4D.






Comparison of Two Injection Methods

We compared the inhibitory effects of these two injection methods on thyroiditis. We found that the tail vein LV-sponge group had a much lower TgAb level of thyroiditis compared with the thyroid LV-sponge group (P = 0.041). The lymphocyte infiltration inflammatory score of the thyroid was not significantly different (P = 0.863), as shown in Figures 8A, B. The results suggest that tail vein injection may achieve a better intervention effect.




Figure 8 | Comparison of the thyroiditis score (A) and TgAb titers (B) of NOD.H-2h4 mice that received tail vein injection and thyroid injection to evaluate the effect of injection intervention on thyroiditis.






Discussion

MiRNAs have emerging roles in the regulation of a variety of diseases including autoimmune diseases. In systemic sclerosis (SSc), scholars have found that microRNA-27a-3p targeting sFRP-1, a negative regulator of Wnt signaling, in dermal fibroblasts mediates fibrosis regression (25). MiR-210 was reported to be increased and to regulate Th17 and Th1 cells by inhibiting the expression of STAT6 and LYN in psoriasis (26). Honardoost MA et al. found that miR-326 was increased in elapsing phase of multiple sclerosis patients compared with remitting phase (27). Another study found that in antibody-positive type 1 diabetes mellitus (T1DM) patients, the expression level of miR-326 significantly increased (28). In our previous study, we found that miR-326 increased significantly in HT patients and a mouse model of AIT (22, 29). These studies suggested that miR-326 plays an important role in autoimmune diseases. In autoimmunity, CD4+T cell is one of the most important players (30, 31). In the inflamed joints of RA patients, the synovium is highly infiltrated by CD4+ T cells, and Th1, Th17, and Treg cells are important and coexist with stromal cells in the microenvironment of the inflamed joint (32, 33). In our previous study, we found that Th17 cells were increased and Treg cells were decreased in AIT pathogenesis (22, 29). In our in vitro experiments, it was found that Th17 cells were decreased in the downregulation of miR-326 level by using siRNA (22). This study further carried out miR-326 in vivo intervention experiment by administering a lentivirus sponge (LV-sponge, mmu-miR-326 sponge, which inhibits the activity of endogenous miR-326) through tail vein and local thyroid injection to further explore the mechanism of the regulation of the expression of CD4+ T cells in vivo. The sponge is designed as a miRNA decoy target and is an effective and specific inhibitor of miRNA, which is widely used in the study of disease pathogenesis (34). In our study, we explored whether miR-326 inhibition by lentivirus-mediated silencing could affect the balance of different T cell subtypes and B cell subsets in mice. We found that the counts of T cells, B cells, Th cells, and Tc cells in the LV-sponge groups were not different between the control group and the LV-control groups. Next, we explored the inflammation level of mouse thyroiditis. We found that the scores of thyroid inflammation and serum TgAb titers in the LV-sponge groups decreased significantly compared with those in the LV-control groups, especially in the prophylactic LV-sponge group. These results indicated that the level of thyroid inflammation in mice decreased by inhibiting the activity of miR-326 in vivo, and prophylactic treatments were more effective than treatments after the beginning of thyroid inflammation. In order to explore the changes of CD4+T cell subsets after miR-326 inhibition, the counts of Th1, Th2, Th17, and Treg cells in the spleen were assessed by flow cytometry. Th17 cell counts were found to decrease while the Treg cell counts increased in the LV-sponge groups, and the increase of Treg was significant in the prophylactic LV-sponge group, while the Th1 and Th2 cell counts were not significantly different among the groups. What’s more, we found that Th17/Treg ratio decreased in the LV-sponge groups, especially in the prophylactic LV-sponge group. Th17-related cytokines (IL-22), transcription factors (Rorgt), and surface receptors (CCR6 and IL-23r) were also significantly decreased in the LV-sponge groups. In addition, thyroid infiltrated CD4+IL-17a+ cells were decreased in situ in LV-sponge groups. Moreover, serum level of inflammation promoting cytokine of IL-17a was in decreasing trend, while that of anti-inflammatory cytokine of IL-10 was increased in the prophylactic LV-sponge group. IL-17a/IL-10 ratio was decreased significantly in LV-sponge group. In vivo intervention of miR-326 can reduce the number of pro-inflammatory Th17 cells, increase the number of anti-inflammatory Treg cells, reduce the Th17/Treg ratio, and promote the recovery of autoimmune thyroiditis inflammation. Our previous research had showed that Ets-1 protein decreased significantly in the spleen of AIT mice and was negatively correlated with miR-326 and IL-17. The results are consistent with those in HT patients (unpublished data). These results suggest that miR-326 may regulate Th17 cells by targeting Ets-1 protein at the translational level in AIT, which was further proven by using siRNA intervention in vitro (22), but we didn’t explore the changes of Treg at the time. Some researchers found that Ets-1 deficiency resulted in the decrease of Foxp3 mRNA in CD4+CD25+ Tregs of SLE patients (35). In the present study, Ets-1 protein expression in spleen cells was found to be increased in LV-sponge groups. Moreover, thyroid infiltrated CD4+Ets-1+ cells were increased significantly in the LV-sponge group. Ets-1 protein was a functional target of miR-326 as had been suggested by several previous studies (36). Our results also suggest that miR-326 may target Ets-1 protein at the translational level, since the mRNA levels of Ets-1 were not different among groups. We speculated that inhibited activity of miR-326 leads to increased expression of Ets-1, which is further related to the differential of CD4+ T cell (the increased Treg and decreased Th17). A variety of miRNAs including miR-326 are involved in autoimmune thyroiditis. For instance, miR-142-5p was increased in HT thyroid gland and plays an important role in HT pathogenesis by targeting CLDN1 (37). Dorris ER et al. found miR-141 displayed significant downregulation of thyroiditis in HT patients, and they speculated that miR-141 may regulate TGF-β pathway contributing to autoimmune thyroiditis (38). In addition to miRNAs’ negative regulation of key master regulators, miRNA synergism, in which several miRNAs cooperate to regulate targets expressions, is an important regulation pathway. Our previous study also confirmed that elevated miR-326 levels regulate the IL-23/IL-23R/Th17 cell axis by targeting a disintegrin and metalloprotease 17 (ADAM17) in Hashimoto’s thyroiditis (29). Furthermore, a reduction in the lymphocyte infiltration inflammatory score of thyroid glands and TgAb titers was achieved in LV-sponge treated AIT mice in our study. Moreover, consistent with the results of the tail vein injection groups, in the LV-sponge thyroid injection group, the TgAb titers and lymphocyte infiltration inflammatory score of the thyroid glands were also decreased. In addition, we further compared the difference between the two injection methods in the intervention effect of thyroiditis. We found that tail vein injection may achieve a better intervention effect. We speculated that the tail vein injection could alleviate inflammation better in autoimmune diseases because it could be seen as a systemic immune regulation.

In NOD.H-2h4 mice, thyroid lesions start to develop in most mice 3–4 weeks after they are given NaI in drinking water, and thyroid lesions reach maximal severity 8–9 weeks after given NaI in drinking water (19). In our study, the therapeutic groups, the starting time of mice tail vein injection was followed by 6 weeks of iodine water feeding, while the beginning time of tail vein injection in the prophylactic group was the same as that of iodine water feeding. With iodine water intake for 6 weeks in the therapeutic groups, the thyroid lesions have formed, and related inflammatory factors such as Th17 cells have been elevated. On this basis, the intervention was to slow down further inflammatory process. In prophylactic LV-sponge group, intervention was given before thyroid damage; it had better and more lasting inhibitory effect. The experimental results also showed that the counts of Th17 cells in the prophylactic LV-sponge group are lower.

In conclusion, our study is the first to explore the targeted therapeutic and prophylactic effects of miR-326 in vivo by LV sponge. We confirmed that miR-326 contributes to autoimmune thyroiditis by targeting Ets-1 protein to regulate Th17/Treg balance in autoimmune thyroiditis, and tail vein injection may achieve a better intervention effect. However, we also realize that thyroiditis has not been completely inhibited, which indicates that the occurrence and development mechanism of AIT are complex, and miR-326 participates in only a part of it. What’s more, ADAM17, IL-23, and other transcription factors that may be related to miR-326 should also be studied, which is also the limitation of our study.
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