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Alteration in gut microbiota is associated with immune imbalance in Graves’ disease

Abstract	Comment by Peer Reviewer: The content of the Abstract is more or less balanced overall, including an accurate and impactful gap in knowledge, an appropriate level of detail for the target journal and the broader field, and a conclusion that appears to be supported by the reported findings.
Graves’ disease (GD) is characterized by the lymphocytic infiltration and autoimmune activation. Gut microbiota plays a pivotal role in the immune regulation. The underlying mechanism of gut microbiota in GD autoimmunity remains elusive. A total of 52 GD patients, 45 healthy controls (HCs) were enrolled in the study of the role of gut microbiota in the autouimmunity of GD. Whole blood B-cell and T-cell subsets immune status were analyzed by flow cytometry. Cytokines were measured by enzyme-linked immune-sorbent assay or multiple microsphere flow immunofluorescence assay. The composition and metabolic characteristics of the intestinal flora were analyzed by 16S rRNA gene sequencing and targeted metabolomics. Peripheral blood mononuclear cells were cultured and stimulated with lipopolysaccharide (LPS) or a combination of LPS and short-chain fatty acid. We observed aberrant lymphocyte, especially B-cell, subsets distribution, decreased CD32b expression and elevated pro-inflammatory cytokines in GD patents compared with HCs. The relative abundance of Bifidobacterium, Lactobacillus, Streptococcus, Enterococcus and Collinsella were significantly enriched in GD, while the abundance of Dialister, Alistipes and Oscillospiaceae_UCG-002 were decreased. Moreover, the discriminant model based on predominant microbiota could effectively distinguish GD from HCs. Our results also found that the level of serum acetate acid was significantly reduced in GD. In in-vitro study, acetate did not attenuate LPS-induced B-cell subsets imbalance, but remarkably suppressed cytokines production when combined with propionate and butyrate. Collectively, gut dysbiosis might contribute to the immune imbalance of GD through microbial productions LPS and metabolites SCFAs. This study provided novel and insightful clues revealing the pathogenesis of GD patients.	Comment by Peer Reviewer: While the above sentence identifies the gap in knowledge addressed by the study, a clear statement of the overall study aim is lacking in the Abstract. I recommend revising this sentence into a direct statement of the overall objective of this work to ensure that readers understand how each experiment performed is related to an overarching goal.	Comment by Peer Reviewer: To clarify the contributions of this work to the field, I recommend briefly stating the clinical significance of the findings in the concluding sentence. For example, please consider clarifying how the referenced “clues revealing the pathogenesis of GD patients” could be used to develop new diagnostic or treatment approaches to improve patient outcomes.
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1. Introduction  	Comment by Peer Reviewer: The content of the Introduction is somewhat effective overall. The text introduces the current state of the field, mentions key previous studies, leads the reader to an impactful gap in knowledge in the field, and summarizes the current work. 
As an organ-specific autoimmune disease, Graves’ disease (GD) is characterized by loss of self-tolerance to thyroid antigen such as thyroid stimulating hormone receptor (TSHR), and lymphocytic infiltration of the thyroid parenchyma [1]. TSHR antibodies (TRAbs) act as agonists and are responsible for the uncontrolled hormone production and hyperthyroidism, with which GD patients most commonly present [2]. And hyperthyroidism is recognized as a critical risk factor for various diseases including atrial fibrillation, pulmonary embolism and preeclampsia [3]. However, the pathogenesis of GD has still not been fully elucidated.
In GD, the lymphocytic infiltration consists mainly of CD4+ T cells, CD8+ T cells and CD19+ B cells [4]. T cells are involved in autoimmunity via releasing cytokines and providing activation signaling to B cells [5]. The actual effect of T cells in autoimmunity depends on its specific subsets. Despite T cells autoreactivity, B cells are thought to govern the production of thyroid autoantibodies including TRAb, thyroid peroxidase antibody (TPOAb) and thyroglobulin antibody (TgAb). Abnormal distribution of B cell subsets and impaired expression of immune checkpoint molecules is believed to trigger humoral immune activation [6, 7], which further induces excessive autoantibodies production and leads to extensive damage to host. 
Recently, the potential role of gut microbiota in regulating immunological homeostasis has drawn considerable attention. Increasing evidences have described the variations of gut microbiota composition in patients bearing autoimmune diseases, including systemic lupus erythematosus [8], rheumatoid arthritis [9], inflammatory bowel disease [10] and type 1 diabetes mellitus [11]. Emerging studies also report that GD patients had significant dysbiosis in gut microbiota with decreased diversity and biased community constitutions [12, 13]. Nevertheless, the detailed association of the immune system and gut microbiota in GD is still far from clear. Therefore, exploring the role of gut micirobiota will inevitably provide pathophysiological clues of GD.
Herein, we first profiled the immune status and characterized compositional changes of gut microbiota in GD patients and healthy controls (HCs). Based on microbial comparison, we further constructed a gut microbiota-based classifier for GD and HCs. Additionally, we compared the differences of serum short-chain fatty acids (SCFAs) between the two groups, and explored their effect on immune status. The results of the study may provide novel insights of the autoimmune pathogenesis of GD.	Comment by Peer Reviewer: Please consider adding a clearer statement of the study’s hypothesis or central research question at the end of the introduction. For example, this sentence could begin with “Herein, we aimed to…” as an introduction to the summary of the overall approach and findings below.

2. Materials and methods	Comment by Peer Reviewer: Overall, the content of the Materials and methods section appears to cover the key aspects of the methodological approach.
2.1 Study population recruitment and sample collection
The study was approved by the Ethics Committee of Henan Provincial People’s Hospital [NO. 2019(66)] and was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all participants in the study.
A total of 52 GD patients and 45 HCs from the central plains of China were collected. Participants’ demographic information, clinical data and dietary habits were collected from hospital electronic medical records and questionnaires. Detailed diagnostic criteria and inclusion and exclusion criteria of the participants are described in the Supplementary methods.	Comment by Peer Reviewer: A clear description of the characteristics of the included patients in the main text will be beneficial. For example, I recommend adding a statement such as: “All GD patients were newly diagnosed and drug-naïve, with no prior exposure to antithyroid drugs, corticosteroids, or antibiotics within the preceding three months.” If the study included patients who were receiving treatment, then this limitation should still be acknowledged. Longitudinal studies tracking microbiome changes from diagnosis through treatment and remission should ultimately distinguish disease-related effects from treatment-related alterations.
All subjects fasted overnight (≥8 hours). Fecal and serum samples were collected and stored at −80°C until DNA extraction or cytokine detection. Fresh whole blood samples were immediately analyzed by flow cytometry.

[bookmark: OLE_LINK17][bookmark: OLE_LINK19]2.2 Laboratory testing
[bookmark: OLE_LINK51][bookmark: OLE_LINK52]Chemiluminescent immunoassays were used to detect TSH, free triiodothyronine (FT3), free tetraiodothyronine (FT4), TRAb [Cobas e602 analyzer (Roche Diagnostics, Basel, Switzerland)], TgAb and TPOAb [UniCel DxI 800 analyzer (Beckman Coulter, Brea, USA)]. Normal reference value ranges were as follows: FT3, 3.1-6.8 pmol/L; FT4, 12.0-22.0 pmol/L; TSH, 0.27-4.2 μIU/mL; TgAb, 0-4 IU/mL; TPOAb, 0-9 IU/mL; and TRAb, < 1.75 IU/L.

2.3 DNA extractions and 16S rRNA gene amplification sequencing
Subject DNA was extracted using the E.Z.N.A. ®Stool DNA Kit (Omega Bio-tek, Inc., USA). Isolated subject DNA was used as the template for PCR amplification of the V3-V4 region of 16S rRNA genes. The forward primer (341F) was 5’-CCTACGGGNGGCWGCAG-3’, and the reverse primer (805R) was 5’-GACTACHVGGGTATCTAATCC-3’. PCR was performed with a EasyCycler 96 PCR system (Analytik Jena Corp., Germany), the products from different samples were indexed and mixed at equal ratios for sequencing by Shanghai Mobio Biomedical Technology Co. Ltd. using the Miseq platform (Illumina Inc., USA) according to the manufacturer’s instructions.	Comment by Peer Reviewer: You may wish to consider incorporating predictive functional profiling (PICRUSt2 or Tax4Fun) based on the 16S dataset to infer metabolic pathways such as LPS biosynthesis. If this analysis has not already been performed, this could be discussed as a limitation or future direction in the Discussion.

2.4 Bioinformatics analysis
Amplicon sequence variants (ASVs) were identified with DADA2 algorithm. The representative sequences for each ASV were annotated using the SILVA reference database (SSU138).  Alpha diversity metrics (ACE estimator, Chao 1 estimator, Shannon-Wiener diversity index and Simpson diversity index) were assessed by using Mothur v1.42.1. Principal coordinates analysis (PCoA) based on Bray-Curtis and unweighted UniFrac distance was conducted by R program (version 3.6.0, http://www.R-project.org/) to display microbiome space between samples. A heatmap plot of the key variables identified by random forest models was generated through using the ‘pheatmap’ package of the R program. The linear discriminant analysis (LDA) effect size (LEfSe) method (lefse 1.1, https://github.com/SegataLab/lefse) was used to detect taxa with differential abundance. A receiver operating characteristics (ROC) analysis was performed to measure the quality of the classification models by the R software package pROC.

2.5 Targeted metabolomic analysis of SCFAs using GC–MS
Samples were thawed on ice, and 100 µL aliquots were added into a 2-mL glass centrifuge tube mixing with 100μL of water with 20% phosphoric acid and 500 µL of 50 µg/mL 4-methyl valeric acid. The suspensions were homogenized with a vortex and centrifuged for 20 min at 14000×g. 1μL supernatant was taken for GC-MS analysis using an Agilent Model 7890-5977 GC-MS system. To quantify Short-chain fatty acid, a calibration curve for the concentration range of 0.1–100 ug/ml was constructed. The IS was used to correct for injection variability between samples and minor changes in the instrument response. Samples were separated with an Agilent FFAP capillary GC column (30 m × 0.25 mm ID × 0.25 µm). The initial temperature was 100 °C and was increased to 160 °C at 5°C/min, after which the temperature was increased to 150 °C at 5 °C/min and then to 240 °C at 80 °C/min, where it remained for 6 min. The carrier gas was helium (1.0 mL/min). The temperatures of the injection port and ion source were 260 °C and 230 °C respectively under SIM mode.

2.6 Peripheral blood mononuclear cells (PBMCs) isolation and culture
PBMCs were collected from healthy donors (n=4) by Ficoll-Hypaque (GE Healthcare, USA) density gradient centrifugation. The isolated PBMCs were cultured in 6-well plates (5 × 105 cells/500 μl) in fresh complete medium, or stimulated with lipopolysaccharide (LPS, 1 µg/mL), LPS and sodium acetate (2 mM) or LPS and mixed SCFAs (2 mM sodium acetate, 2 mM sodium propionate and 2 mM sodium butyrate) (all from Sigma Aldrich, USA) for 24 h. The cells and culture supernatants were collected for further analysis.	Comment by Peer Reviewer: The in vitro PBMC experiments were performed using cells from only four healthy donors, which is a very limited sample size. The rationale for selecting this sample size should be provided. Moreover, the statistical approach for these experiments is not described.

2.7 Flow cytometric analysis	Comment by Peer Reviewer: The Results section states that the flow cytometry analysis was conducted on only a subset of participants (33 GD and 32 controls), but the rationale for this reduced sample size is not explained. This should be clearly stated, whether due to sample availability, cell viability, or batch analysis constraints.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]For B cell subsets and CD32b expression analysis, whole-blood cells were washed and stained with V500-CD45, APC-H7-CD19, BV421-IgD, PE-Cy7-CD27, APC-CD32 at room temperature for 30 min. Erythrocytes were lysed using a commercially available lysing solution. For Th/Tc subsets analysis, whole-blood was stimulated with cell activation cocktail for 6h, which contains phorbol-12-myristate-13-acetate, ionomycin and Brefeldin A. The cells were stained with the following antibodies at room temperature for 30 min: V500-CD45, FITC-CD45, APC-CD3, PE-CD3 and APC-H7-CD8. The cells were then fixed with a fixation reagent, permeabilized in a permeabilization wash buffer and stained for PerCp-Cy5.5-IFN-γ, APC-IL-4, BV421-IL-17 and PE-FoxP3. Labelled cells were acquired on a FACSCanto II flow cytometer and analyzed with FACSDiva software (BD, USA). The detail information of reagents was described in the Supplementary methods.

2.8 Cytokines assay
Determination of serum levels of LPS, LPS-binding protein (LBP), B cell-activating factor (BAFF), a proliferation-inducing ligand (APRIL), TNF-α, IL-17, IL-10, and IL-6 (details in the Supplementary methods) was performed using human enzyme-linked immuno sorbent assay (ELISA) kits according to the manufacturer's instructions. 
Supernatants from stimulated  and  non-stimulated  PBMCs  cultures were  collected  and analyzed  for  cytokines  concentrations  using multiple microsphere flow immunofluorescence assay kit (Ruisikeer Biotechnology, China). All operations were performed in strict accordance with the manufacturer’s instructions.

[bookmark: OLE_LINK66][bookmark: OLE_LINK67]2.9 Statistical analysis
Data were analyzed using the SPSS Statistics 20.0 software package (IBM, New York, USA). Quantitative data were presented as the mean ± standard deviation (for normally distributed data) or as medians and quartiles (for non-normally distributed data), as appropriate. Differences between two groups were compared by using Student’s t-test for normal continuous variables, the Mann–Whitney U test for non-normal continuous variables. Differences among four groups were assessed by using one-way ANOVA analysis of variance. Chi-square test was used for categorical variables. Correlations were analyzed using Spearman rank test. A P-value <0.05 was considered statistically significant (*** P < 0.001, ** P < 0.01, * P < 0.05).	Comment by Peer Reviewer: The text should specify whether technical replicates were performed for each experiment and clarify the specific statistical tests used. For example, for the PBMC experiments, the text should state whether paired analyses comparing treated versus untreated cells within each donor were performed or whether another analytic approach was used.

2. Results	Comment by Peer Reviewer: The Results are logically presented, moving from clinical and immune profiling to microbiota analysis, diagnostic modeling, correlation studies, and in vitro validation.
2.1 Clinical information of the participants
As shown in Table 1, there were no significant differences in gender, age or body mass index (BMI) between GD patients and HCs. The FT3, FT4, TgAb, TPOAb and TRAb levels in the GD patients were markedly higher than those in the HCs (P < 0.05).

Table 1. Clinical information in GD patients and HCs.	Comment by Peer Reviewer: In general, the tables seem to support the corresponding discussion of the findings well, and the table titles and footnotes contain important information for interpreting the data. However, please consider stating what statistical test was performed in the footnote for each table.
	Group
	HCs (n = 45)
	GD (n = 52)

	Gender (M/F)
	5/40
	9/43

	Age (years)
	33.0 (27.0-52.0)
	37.0 (27.3-48.8)

	BMI (Kg/m2)
	22.2±2.6
	21.5±2.6

	FT3 (pmol/L)
	4.8±0.6
	 27.7±12.2 ***

	FT4 (pmol/L)
	16.4 (14.6-17.8)
	70.7 (46.5-100.0) ***

	TSH (μIU/mL)
	2.1 (1.7-2.8)
	< 0.01***

	TgAb (IU/mL)
	0.2 (0.2-0.2)
	11.2 (2.3-110.6) ***

	[bookmark: OLE_LINK16]TPOAb (IU/mL)
	0.7 (0.5-1.2)
	220.0 (5.0-774.1) ***

	TRAb (IU/L)
	0.3 (0.3-0.8)
	10.0 (5.8-19.3) ***


* P < 0.05 compared with HCs; HCs: healthy controls; GD: Graves’ disease without treatment; BMI, body mass index; FT3, free triiodothyronine; FT4, free tetraiodothyronine; TSH, thyroid-stimulating hormone; TgAb, thyroglobulin antibody; TPOAb, anti-thyroid peroxidase antibody; TRAb, thyroid stimulating hormone receptor. Data on BMI and FT3 were expressed as the means ± standard deviations. Data on age, FT4, TSH, TgAb, TPOAb and TRAb were expressed as the medians and quartiles.

2.2 Aberrant immune profiles occurred in GD patients
The immune status was firstly analyzed in the study. All the subjects finished the cytokines test, and 33 GD patients and 32 HCs finished the flow cytometry analysis. The percentage of naïve B cells was higher in the GD patients than in the HCs, while the percentages of conventional memory B cells, preswitched memory B cells, Th1 and Tc2 subsets were decreased in the GD patients (all P < 0.05, Figure 1 and Supplementary Figure S1). In addition, the expression of CD32b, as the immune checkpoint molecules, was significantly reduced in the GD patients compared with the HCs (all P < 0.05, Figure 1).
Furthermore, compared to HCs, the levels of serum lipopolysaccharide (LPS) and LPS-binding protein (LBP), TNF-α, a proliferation-inducing ligand (APRIL) and B-cell activating factor (BAFF) were increased, while the level of IL-10 were significantly decreased in GD patients (all P < 0.05, Figure 1).

2.3 Gut microbial of GD patients markedly differed from those of HCs	Comment by Peer Reviewer: The study identifies specific genera whose abundance is increased (Collinsella, Streptococcus) or decreased (SCFA-producing taxa such as Dialister). However, the subsequent functional assays relied on generic LPS and commercially supplied SCFAs, representing a missed opportunity to more directly connect these specific aspects of microbial composition with functional outcomes.

To explore the gut microbiome, we divided the subjects into a discovery cohort and a validation cohort randomly. Within the discovery cohort, we characterized the gut microbiome in 32 HCs and 39 GD patients, and constructed a discriminant model based on predominant microbiota using a random forest model. Within the validation cohort, the diagnosis efficacy of the GD classifier was verified in 13 HCs and 13 GD patients. 
[bookmark: OLE_LINK9]The estimated ASV diversity (including richness and evenness) in GD was not significantly different when compared with that of HCs (Figure 2 and Supplementary Figure S2). Beta-diversity showed separating distribution of bacterial community between GD and HCs (Adonis for PCoA, R2 = 0.022, P =0.028, Figure 2). As exhibited by overlaps in the Venn diagram, 673 of the total 882 ASVs were shared by both groups and 129 ASVs were specific for the GD group. Furthermore, as shown in the heatmap of the relative abundances of the discrepant ASVs between the two groups (Figure 2), a total of 10 ASVs, including ASV282 (Streptococcus), ASV208 (Collinsella), ASV293 (Enterococcus) and ASV826 (Weissella), were enriched in GD patients, while 7 ASVs were markedly decreased.	Comment by Peer Reviewer: The figures and figure legends were not included with the submission, so their suitability and effectiveness could not be assessed.
In regard to the composition of gut microbiomes in both GD patients and HCs, the relative abundance of each sample was calculated and plotted at each taxonomic level. The microbial relative abundance for each sample at the phylum and genus level has been shown in Supplementary Figure S3. The average proportion of Firmicutes, Proteobacteria, Actinobacteriota and Bacteroidota in the two groups was up to 90% at the phylum level (Figure 3). Likewise, at the genus level, 20 genera, including Subdoligranulum, Faecalibacterium, Blautia, Bifidobacterium, Escherichia-Shigella and Bacteroides accounted for an average of more than 70% in both groups (Figure 3). At the phylum and genus level, the microbial composition of GD patients was distinct from that of HCs.
[bookmark: OLE_LINK18][bookmark: OLE_LINK20][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Subsequently, a comparison of the gut microbiome in GD and HCs at each taxonomic level was performed. At the phylum level, the abundance of Actinobacteriota in GD patients was higher than that in HCs, while Desulfobacterota was remarkably decreased in GD patients (Figure 3). At the genus level, 10 genera including Bifidobacterium, Lactobacillus, Streptococcus, Enterococcus and Collinsella were significantly enriched, whereas 6 genera including Dialister, Alistipes, Oscillospiaceae_UCG-002 and Ruminococcaceae_UBA1819 were evidently reduced in GD patients compared with those in the HCs (Figure 3). The LEfSe algorithm was performed and 11 genera with LDA score > 2.5 were identified as a significantly different gut microbiome (Figure 4).

2.4 Diagnostic potential of GD based on the gut microbial markers
Random forest analysis was used to explore whether microbial markers can be used to discriminate GD patients from HCs. We selected 8 genera to serve as diagnostic biomarkers in the discovery cohort, achieving an area under the curve (AUC) value of 0.8950 (confidence interval: 0.8064–0.9836, Figure 5). Subsequently, we found that individual marker panels of key bacterial ASVs could distinguish GD from HC with AUC values of 0.8195 (confidence interval: 0.6563–0.9828, Figure 5) in the validation cohort.

2.5 Correlation analysis between the differential genera and immune index	Comment by Peer Reviewer: To strengthen the narrative in this section, I recommend connecting the work described in this subsection on the correlation analysis to the preceding microbiota findings more clearly.
To find the potential bacteria associated with the immune disorder in GD, we conducted a correlation analysis of the different genera and immune index between GD and HCs groups. As shown in Figure 6, serum levels of FT3, FT4 and TRAb were positively correlated with 8 genera including Collinsella and Streptococcus, while negatively correlated with 7 genera including Dialister and Roseburia. The positive relationship between Streptococcus and the levels of APRIL and BAFF were also observed. In addition, the expression of CD32b was correlated with Dialister, Roseburia, Oscillospiaceae_UCG-002 and Lachnoclostridium positively, while correlated with Collinsella and Streptococcus negatively.

2.6 SCFAs regulate cytokines in vitro	Comment by Peer Reviewer: The in vitro experiments using LPS and SCFAs with PBMCs from healthy donors are informative but do not directly test the functional consequences of the specific microbial alterations observed in GD patients. Rather, these experiments examine the immune effects of generic bacterial components and metabolites, not the disease-associated microbiota itself.
[bookmark: OLE_LINK5]Gut metabolites, especially SCFAs, are important bridges for intestinal flora to regulate the host immune system. Herein, the important immunomodulatory SCFAs was measured, including acetic acid, propionic acid and butyric acid. The results showed that acetic acid was significantly decreased in GD patients compared with HCs (Figure 7). 
To elucidate the role of SCFAs in immune dysfunction in GD, PBMCs were isolated from healthy donors and treated with LPS and SCFAs. Our results showed that the percentage of naïve B cells was significantly up-regulated under LPS stimulation, while the percentage of conventional memory B cells was down-regulated. However, SCFAs did not attenuate LPS-induced B cell subsets imbalance (Figure 7). 	Comment by Peer Reviewer: The presentation of these in vitro results is somewhat wordy. I recommend revising this section to ensure that it is more concise and is better integrated with the human data.
In addition, LPS significantly enhanced the TNF-α, IL-6 and IL-10 production, and this production was remarkably inhibited by acetate in combination with propionate and butyrate remarkably, but not acetate alone (Figure 7). In contrast, acetate alone could significantly suppress IL-17 production of PBMCs exposed to LPS (Figure 7).

3. Discussion	Comment by Peer Reviewer: While the Discussion attempts to interpret the results in the context of the existing literature, discuss potential mechanisms, and acknowledge limitations, I have highlighted some opportunities to improve upon these points below.
Previous study has demonstrated that the transplantation of fecal microbiota from GD patients could significantly increase the GD incidence of mice, and elevate the serum levels of thyroid hormone and pro-inflammatory cytokines [12], suggesting gut microbiota abnormality acts a critical role of pathogenesis of GD, rather than as its consequence or accompanying phenomenon. Thus, we focused on exploring the potential immunomodulatory effects of gut dysbiosis in GD. 
It is well known that aberrant immune status is involved in the initiation of GD, though the triggering factors for immune imbalance have not been uncovered until now. Consistent with previous studies [14], the distribution of lymphocyte subsets, especially B cell subsets, and serum cytokines levels were abnormally presented in patients with GD. In an animal study, mice transferred with stool of patients with Crohn’s disease show reduced proportion of memory B cells and regulatory T cells compared with control group [15]. In contrast, Zheng et al. reported that the inflammatory cytokine levels are normalized in mice with pyogenic liver abscess after fecal microbiota transplantation therapy [16]. These results demonstrate the vital role of gut microbiota in the regulation of immune response. Therefore, we comprehensively elucidated the gut microbial profiling in GD from central plain of China.
We showed that the microbial community structure in GD patients was significantly changed compared to that in HCs. Consistent with prior researches [17, 18], we observed that the abundance of Lactobacillus and Bifidobacterium were enriched in GD, and Bifidobacterium was correlated with FT4 and TRAb. In an animal study, a positive relationship between Lactobacillus and FT4 is also found [19]. These results imply the possible pathogenic role of the two genera in GD. In addition, the certain strains of Lactobacillus and Bifidobacterium have amino acid sequences homologous to TPO and Tg [20]. Therefore, the increased abundance of potential pathogenic strains might trigger the autoimmune response by the mechanism of molecular mimicry. In addition, a core group of bacteria genera, including Collinsella and Streptococcus, were also enriched in the GD group, and they were identified as microbial markers for GD with high accuracy. These genera correlated with not only thyroid hormone and thyroid autoantibodies, but also cytokines and lymphocyte subsets, which implies its potential immune modulatory effect. The elevated genus Collinsella  has been identified in studies of rheumatoid arthritis and irritable bowel syndrome [21, 22], and this kind of gut commensal bacterium could lower gut permeability and increase the production of the proinflammatory cytokine IL-17 [23]. It indicates that Collinsella might aggravate thyroid injuries via regulating immune response. As for Streptococcus, it has been reported to damage the integrity of the epithelium and elicit an inflammatory response [24]. Although its role in the pathogenesis of GD has not been demonstrated, more Streptococcus was correlated with over-expression of BAFF and APRIL. In contrast with above genera, the abundance of Alistipes, Roseburia and Dialister in GD decreased significantly, which is compatible with previous work [25, 26]. These genera are commonly recognized as SCFA-producing microbes, and the reduction in their abundance can be seen in other diseases such as hepatic encephalopathy and juvenile idiopathic arthritis [27, 28]. In addition, Alistipes and Roseburia were negatively correlated with TRAb, TgAb and TPOAb. Taken together, it is worth to investigate whether the microbial productions and metabolites determine the immune status of GD.	Comment by Peer Reviewer: It would strengthen the Discussion to address whether the enriched GD-associated genera, particularly Streptococcus, are known from prior literature to be high LPS producers. Similarly, the observed reduction in serum acetate is an important finding that deserves deeper interpretation. A more explicit hypothesis linking the loss of specific acetate-producing taxa (such as Dialister) to reduced circulating acetate and downstream immune effects would improve the coherence of the narrative.
In our study, the level of serum LPS was significantly increased in GD. LPS, an endotoxin released by gram-negative bacteria, could induce murine B cells proliferation and differentiation [29]. In addition, the memory B cells is partially depleted from circulation in healthy males received an intravenous injection of LPS [30]. Consistent with in-vivo study, our in-vitro study also found the percentage of conventional memory B cell subsets was reduced under LPS stimulation. This change is partially attributed to Fas-induced apoptosis, which is mediated by LPS/TLR4 signaling [31]. Besides, we did not found the B cell subsets distribution was affected by SCFAs alone (data not shown) or combined with LPS. Contrary to our founding, Kim et al. reported that SCFAs increase the differentiation of naïve B cells to CD20−CD38+ plasma B cells and boost the secretion of IgA and IgG in culture [32]. These differences might be due to the distinct cell source and culture condition. In our study, B cells were cultured with the rest of PBMCs isolated from venous blood, while the previous study isolates B cells from tonsil specimens and cultures B cells alone. In addition, the expression of CD32b, as a critical inhibitory receptor, was also measured to determine the immune status of B cells in our study. It showed that the expression of CD32b from GD patients was reduced. However, the expression of CD32b was not changed significantly under LPS stimulation in in-vitro study. It suggests that the impaired expression of inhibitory receptor is independent of LPS. Meanwhile, Michelle et al. reported that LPS induces B cells activation by up-regulating MHCII and CD86 expression [33]. Taken together, LPS induces B cell activation by increasing costimulating molecules expression rather than dampening inhibitory receptor expression.	Comment by Peer Reviewer: This paragraph is quite long and contains a large amount of information. I recommend breaking this passage into shorter paragraphs, each focused on a specific aspect of the discussed topics.
Many studies have shown abnormal cytokine production in GD patients. Likewise, we found that TNF-α level was higher in the GD group compared with HCs, while IL-10 level showed a decrease expression. Though IL-10 is commonly recognized as anti-inflammatory molecule, its production was also elevated in vitro under LPS stimulation, which is consistent with previous studies [34]. The significant stimulation of IL-10 implies the initiation of anti-inflammatory response. Therefore, the insufficient production of IL-10 in GD patients results in immune imbalance. Inflammatory mediators, such as IL-17, TNF-α and IL-6, are crucial to the pathophysiology of GD. IL-17 is an important member of pro-inflammatory cytokines and activates the NF‑κB signaling pathway to produce TNF‑α and IL‑6 [35]. In turn, over-activation TNF‑α/TNFR or IL-6/STAT3 signaling also stimulates Th17 differentiation and IL-17 synthesis [36], then forming a positive feedback effect that exacerbates immune-mediated thyroid injuries. Therefore, decreasing these pro-inflammatory cytokines should be a critical step in preventing the development of GD. In the current study, LPS-stimulated production of IL-17 was suppressed by sodium acetate. In line with our result, not only the production of IL-17 but also the percentage of Th17 cell is decreased in the presence of acetate [37]. As for TNF-α and IL-6, the effect of sodium acetate on their production was not significant, whereas propionate and butyrate have the capability to reduce their production [38, 39]. Additionally, we also found that all these proinflammatory cytokines production were significantly reduced by the combination of sodium acetate, propionate and butyrate. The presence of such complex results indicates that acetate exerts a similar and synergistic effect with another component of SCFAs against inflammation.	Comment by Peer Reviewer: To strengthen the narrative, I recommend integrating three linked observations in the Discussion: the microbial shift toward potential pathobionts and loss of SCFA producers; predicted alterations in the milieu of intestinal and systemic metabolites (increased LPS levels, reduced acetate levels); and how this altered environment could plausibly contribute to B-cell imbalance and cytokine dysregulation.	Comment by Peer Reviewer: To better highlight the implications of this work for the field, more emphasis could be placed on the translational implications of the identified microbial biomarkers and potential SCFA-based interventions.
There are also some limitations in the present study. Firstly, 16S rRNA analysis was used to identify the composition of microorganisms, however, the species level of the microorganisms can not be identified. Further researches focusing on species by using metagenomics technique will assistant us to identify certain pathogen in GD. Secondly, the sample for immune profile analysis was from peripheral blood, and the circulating lymphocytes might be different from immune cells isolated from the thyroid or lymphatic tissues.	Comment by Peer Reviewer: In the Discussion, it seems important to state that the study identifies strong associations and proposes plausible mechanisms but does not demonstrate a direct causal link. In vitro findings should be used as supporting mechanistic plausibility rather than confirming disease causation.
Taken together, we concluded that gut dysbosis may trigger autoimmune response by modulating lymphocyte immune status and inflammatory cytokine production. These conclusions provide novel insights that should allow for more detailed exploration of microbiome revealing the pathogenesis of GD.	Comment by Peer Reviewer: The concluding paragraph summarizes the main findings and their potential relevance to GD pathogenesis. However, I recommend adding a forward-looking statement about future research directions.	Comment by Peer Reviewer: Please ensure that the conclusion explicitly links gut dysbiosis to immune imbalance in the context of GD, as stated in the title. 

In addition, this conclusion implies a causal role of the gut microbiota in Graves’ disease. However, the data presented are largely correlative in nature. While the associations identified are interesting and biologically plausible, they do not establish causality. Please ensure that all stated conclusions are supported by the presented findings.
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