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Gut microbes play a crucial role in the occurrence and development of autoimmune diseases. The diversity of intestinal microorganisms affected by the living environment, regulate the immune function of peripheral immune organs and local tissues. In the study, the diversity of intestinal microorganisms of Germ-free (GF), Specific Pathogen-free (SPF), and Clean (CL) BALB/c mice were conducted by 16S rDNA sequencing. High-throughput sequencing technology was used to analysis the composition and characterization of TCR β chain CDR3 repertoires in Regulatory T cells (Treg) in intestine and spleen of GF, SPF, and CL mice, so as to investigate the effects of differential composition of intestinal microorganisms on the CD4+CD25+Foxp3+Treg TCR β CDR3 repertoire of intestine and spleen. We observed that GF, SPF, and CL mice have different gut microorganism composition, and the abundance and quantity of microorganisms are positively correlated with the level of feeding environment. Interestingly, incomplete structure of spleen and small intestine in GF mice was found. Moreover, a significant difference in the usage of high frequency unique CDR3 amino acid sequences was detected in the intestinal Treg TCRβ CDR3 repertoire among GF, SPF and CL mice, and there were a greater heterogeneity in the usage frequency of TRBV, TRBJ, and TRBV-TRBJ combinations gene segments. However, the effect of different feeding environment on the mice Treg TCRβ CDR3 repertoire of spleen was weak, implying that the different composition of intestinal microbiota may primarily affect the diversity of the local Treg TCRβ CDR3 repertoire and does not alter the overall properties of the circulating immune system. These results provide basic data to further analyze the mechanism of gut microbes regulating the intestinal mucosal immune system.

Keywords: gut microbes, intestinal mucosal immune, Treg, TCR, CDR3 repertoire


INTRODUCTION

The colonization of gut microbes is not only very important for the metabolism of essential nutrients, but also plays an essential role in the development of the immune system (Rooks and Garrett, 2016). Bacteria and symbiotic microflora in the gut can dynamically regulate the occurrence and development of autoimmune diseases (Ivanov et al., 2009; Brown et al., 2011; Lee et al., 2011; Scher et al., 2013; Cantarel et al., 2015). Through natural selection and coevolution with the host, some microbial groups form an inseparable host microorganism symbiosis relationship with host in physiology and pathology (Sommer and Bäckhed, 2013). Symbiotic microflora affects the formation of immune system by participating in innate and adaptive immunity as well as the development and maintenance of various supervision mechanisms.

The diversity of symbiotic bacteria is different in mice raised in different environments, such as feed, drinking water and living environment, which has an important impact on the occurrence and development of their peripheral immune system. It was found that the development of peripheral immune organs of mice in aseptic feeding environment was significantly disordered compared with that of SPF mice (Telesford et al., 2015). However, transfer the intestinal microorganisms of SPF mice in GF mice, this defect was obviously improved (Macpherson and Harris, 2004; Mazmanian et al., 2005), indicated that the gut flora had an important regulatory effect on the development of peripheral immune system (Ivanov and Honda, 2012; Wu and Wu, 2012). Moreover, Ivanov et al. (2008) found that the differentiation of Th17 cells in the lamina propria of the small intestine required specific symbiotic microflora, which can regulate the balance between Foxp3 + Treg cells and Th17 cells in the lamina propria of the small intestine, suggesting that the composition of intestinal microflora is the key point of coordination (Agace and McCoy, 2017).

High throughput sequencing technology has the characteristics of accuracy, high efficiency and sensitivity, which has been widely used in the sequence analysis of T / B cell repertoire (Setliff et al., 2019; Roskin et al., 2020). At present, the knowledge is lack of influence on the CDR3 sequence of β chain of Treg cells in peripheral immune organs (spleen) and local tissues (intestine) caused by gut microbes. In this study, 16S rDNA sequencing and High-throughput sequencing were applied to detect the gut microbes composition and CD4+CD25+Foxp3+Treg repertoire of spleen and intestine in GF, SPF, and CL mice. The aim of this study was to investigate the relationship between gut microbe composition and CD4+CD25+Foxp3+Treg repertoire.



MATERIALS AND METHODS


Material and Sample Collection

A total of nine female BALB/c mice were purchased from the Department of experimental zoology, the basic Department of the China Third Military Medical University. Among them, there were three Germ-free (GF) mice, Specific Pathogen-free (SPF) mice and Clean (CL) mice, respectively, each weighing 21–24 g. GF, SPF, and CL mice were raised strictly according to the standard. All animals and experiments were conducted according to the guidance of animal care and use of laboratory animals (Ministry of Health, China) and approved by the experimental animal and use Ethics Committee of Zunyi Medical University. Feces of all mice were collected and sent to Beijing Genomics Institution (BGI) for sequencing of intestinal microorganisms. Spleens, intestine and mesenteric lymph nodes were collected at the time of sacrifice.



Morphological Analysis

The spleen, intestine and mesenteric lymph nodes were fixed in 4% paraformaldehyde overnight at 4°C, embedded in paraffin, sectioned into 8-μm thick slices, deparaffinized, and stained with hematoxylin and eosin (H&E). Tissue morphology was observed under a light microscope.



Sequencing of Intestinal Microorganisms

Fecal DNA was extracted as described previously (Nishijima et al., 2016). 16S rDNA obtained from the fecal extraction was analyzed by Illumina sequencing according to the 16S Metagenomic Sequencing Library Preparation (15044223 B) protocol. The experimental method of 16S rDNA sequencing was described by Watanabe et al. (2020). The DNA library was sequenced using MiSeq Reagent Kit V3 (Illumina Inc.) in the MiSeq platform according to the manufacturer’s instructions. The 16S rDNA sequences were analyzed by the Quantitative Insights into Microbial Ecology (QIIME) pipeline version 1.9.1 (Caporaso et al., 2010). Through quality control, data filter out low-quality sequences, splice the sequences into tags through similarity relationship between sequences, gather tags into operational taxonomic units (OTU) based on whether they had 97% homology with the UCLUST algorithm, and then compare OTU with database (August 2013 version) to annotate species of OTU. Taxonomy from the phylum to the genus level was also performed by using the QIIME pipeline to analysis these sequences. GF mice are defined as having no detectable bacteria, fungi, protozoa and parasites in their bodies. However, one GF mouse has a certain number of gene sequencing results after PCR amplification, which may be caused by some dead microorganisms in the food after high pressure sterilization. The 16S rDNA sequences have been uploaded to NCBI repository1.



CD4+CD25+Foxp3+Treg Cells Isolation and RNA Extraction

Single cell suspensions were prepared by grinding the tissues with the plunger of a 5 mL disposable syringe. CD4+CD25+Foxp3+Treg cells were obtained as described previously (Zhang et al., 2015). Briefly, CD4+CD25+Treg cells were enriched by depletion of non- CD4+T cells, flow-through fraction of CD4+T cells and positive selection of CD4+CD25+ cells according to the manufacture’s instruction of CD4+CD25+ Regulatory T Cell Isolation Kit (Miltenyi, Bergisch Gladbach, Germany). For the staining of Foxp3, cells were incubated with Cy-chrome-labeled anti-CD4 and FITC-labeled anti-CD25 monoclonal antibody. Then, according to the instructions provided by the company (eBioscience, San Diego, CA, United States), the cells were fixed and permeabilization with Intracellular Fixation Buffer after washing, stained with anti mouse Foxp3 monoclonal antibody. Finally, the purity of CD4+CD25+Foxp3+Treg cells were detected by flow cytometry. Genomic DNA was extracted from CD4+CD25+Foxp3+Treg cells using the QIAamp DNA Mini Kit (Qiagen, Milan, Italy) according to the manufacture’s instruction.



TCR β Chain Library Preparation and High-Throughput Sequencing

The concentration and purity of genomic DNA of samples were conformed for TCR CDR3 sequencing2. And then genomic DNA were sent to Adaptive Biotechnologies Corp (Seattle, WA, United States) for sequencing. TCR β sequences were generated as our described previously (Ma et al., 2016). Briefly, a multiplex PCR amplification was performed consisting of 36 forward V segments (TRBV) and 14 reverse J segment primers (TRBJ) that targeted all possible somatic combinations of the rearranged TCR beta chain CDR3. Then, the TCR β CDR3 PCR library was loaded on an Illumina Flow Cell for sequencing on an Illumina Genome Analyzer (2 × 250 bp). Unfortunately, one of the samples failed to meet the requirements of database construction. The possible reason is that the DNA of SPF3-SP sample was degraded due to various factors, such as time and temperature during transportation, so it is impossible to conduct high-throughput sequencing through quality inspection.



Bioinformatics Analysis of TCR β-Chain Library

Raw sequences in the FASTA format were processed by Immuno-SEQ analyzer toolset and IMGT/High V-QUEST (version 1.3.1) to remove the No results and Un-known sequences as well as out of frame sequences. Using Immuno-SEQ analyzer toolset and IMGT/High V-QUEST, the characteristics of the TCR beta chain CDR3 repertoire sequences were defined, including CDR3 nucleotide, CDR3 amino acid; count (reads); frequency count (%); CDR3 length; V gene name; D gene name; J gene name; V deletion; n1 insertion; D 5′ deletion; D 3′ deletion; n2 insertion; J deletion; V index; n1 index; D index; n2 index; J index; sequence status (Has stop/in frame/out frame). TCR repertoire diversity was assessed by the Anti-Simpson index. The V-J and V-D-J rearrangement of the CDR3 repertoire, the proportion and frequency of unique CDR3 sequences, CDR3 repertoire clonality, CDR3 ANIMO ACID length, CDR3 amino acid usage, V deletion and J deletion, and dominant TRBV-TRBJ combination gene segments were also calculated in different mouse class and different tissue samples. Additionally, R package “ggplot2,” “Venn Diagram,” and GraphPad Prism (version 5) were used to plot the figures. Data analysis was performed by R studio (v3.3.3) and GraphPad Prism (version 5) software. P < 0.05 was considered statistically significant.




RESULTS AND DISCUSSION


Sequencing of Gut Microorganisms

The gut microbial genome of BALB / c mice was obtained by 16S rDNA sequencing. All SPF and CL samples passed the quality inspection and established the database. For GF samples, only one passed the quality inspection. A detailed description of the total number of raw reads and filtered reads of each sample were displayed in Additional file 1. An average of 44,780 clean reads were obtained from each individual.

Germ-free mice are defined as no detectable bacteria, fungi, protozoa and parasites (GiLbert and NeufeLd, 2014) provides an irreplaceable sterile experimental model in the study of chronic gastrointestinal diseases (Grover and Kashyap, 2014), obesity (Gérard, 2017), spontaneous arthritis (Rehaume et al., 2014), and type I diabetes (Markle et al., 2013). In this experiment, a certain amount of gene sequences of gut microorganism of GF grade mice after PCR amplification may be caused by some dead microorganisms left in the feed after autoclave, the sequencing results met the definition of GF grade mice (Rodriguez-Palacios et al., 2018).



Species Diversity and Classification of Gut Microorganisms

The total and unique OTU number of each sample were showed in Figure 1A according to Edgar RC (Edgar, 2013). The largest number of OTUs was found in CL mice, followed by SPF mice. All mice shared 53 common OTU. In addition, the diversity of gut microorganism among different mice were analyzed by OTU rank curve (Figure 1B). The gut microbes of CL mice were the richest not only in quantity but also in species.
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FIGURE 1. Diversity and classification of intestinal microorganisms in three different feeding environments of mice. (A) Venn diagram analysis the total and unique OTU number of each sample; (B) OTU rank curve analysis of OTU species diversity among different mice; (C) Taxonomic analysis of fecal diversity in BALB / c mice. GF, Germ-free class mice; SPF, Specific Pathogen-free mice; CL, Clean Class mice.


Compare with the database, OTUs were classified and the proportion of each sample species was analyzed in five classification levels, including phylum, class, order, family, genus and species (Figure 1C). The species classification of gut microorganisms in the GF mice was the lowest among the five levels, while the species classification of SPF and CL mice were significantly increased by compared with GF mice. Moreover, there was difference between the dominant species of SPF and CL mice in the five-species classification, and the diversity of gut microorganisms in CL mice was the most abundant.

Symbiotic microorganisms are necessary for the occurrence and development of some clinical diseases (McMurran et al., 2019; Zhu et al., 2020). Selecting the right mouse model will be beneficial to the study of specific diseases. The above results showed that the number and species of intestinal symbiotic microorganisms were different under different feeding conditions, and the dominant microflora was also different. The difference of species classification level of gut microorganisms in mice may participate in the development of immune system of mice in three different feeding environments in a symbiotic or pathogenic way (Caricilli et al., 2014).



Morphological Analysis of Peripheral Immune Organ

The Gut microorganism composition play an important role in the development of immune system (Martin et al., 2019). Among them, some microbial groups form an inseparable host microorganism symbiotic relationship with host physiology through natural selection and co evolution with the host (Sommer and Bäckhed, 2013). These symbiotic groups jointly affect the formation of the immune system by participating in the development and maintenance of innate and adaptive immunity and a variety of regulatory mechanisms.

In this study, the peripheral marginal zone of white pulp in GF mice was significantly smaller than that in CL mice by H&E staining (Figure 2). The peripheral marginal zone of white pulp contained a certain number of B and T cells (Macpherson and Harris, 2004). Therefore, we speculate that the difference of intestinal flora caused the incomplete structure of spleen, thus affecting the development of immune system in GF mice. In addition, by observing the sections of intestinal and mesenteric lymph nodes of mice of different feeding levels, we found that the angiogenesis in the center of intestinal villi of GF level mice was limited, the microvilli became longer, and the germinal center in the central area of mesenteric lymph nodes was also significantly reduced (Figure 2).
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FIGURE 2. The morphology of spleen, intestine, mesenteric lymph node in different classes of BALB/c mice by H&E staining. The arrow in the spleen picture indicates the peripheral edge of the white pulp in the spleen. The arrow in the intestine picture indicates the central villi of the small intestine. The arrow in the mesenteric lymph node image indicates the lymph node. GF, Germ-free class mice; SPF, Specific Pathogen-free mice; CL, Clean Class mice.




Sorting of CD4+CD25+Foxp3+Treg Cells in Spleen and Intestine of Mice

Treg cells account for about 10% of the total number of peripheral T cells, which play a vital role in maintaining intestinal and peripheral tolerance and inhibiting autoimmune diseases. The expression of Foxp3 transcription factor is essential for the Treg cells development and maintenance (Hori et al., 2003; Fontenot et al., 2017). The number of CD4+CD25+Foxp3+Treg cells in GF mice was reported significantly reduced (Hara et al., 2013). The decrease or even disappearance of intestinal flora in GF mice may have an important effect on Treg cells.

In this study, after sorting the Treg cells in the mouse intestine and spleen, the purity of the Treg cells both in spleen and intestine reached about 80% (Additional file 2), suggesting that the purity of CD4+CD25+Foxp3+Treg cells can meet the requirements (Jenkins et al., 2015; Fuller et al., 2016).



Total Sequence Data Statistics of HTS in CD4+CD25+Foxp3+Treg TCR β CDR3 Repertoire

CD4+CD25+Foxp3+Treg TCR β CDR3 repertoire were successfully constructed. A detailed information of total sequences, productive sequences, and unique sequences of each sample was displayed in Table 1. Unique sequence (Torella et al., 2014) is one of the key factors to analyze the specificity of the repertoire. The average value of unique sequences in intestine was 113, which is much lower than that in spleen.


TABLE 1. Total sequences statistics of TCR beta chain CDR3 repertoire.
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Clonal Expansion of Treg TCR β Chain CDR3 Repertoire

It is reported that the diversity of T cell receptor (TCR) can reach 2 × 106 (Nishio et al., 2015) in the peripheral of mice after massive replication. The diversity of TCRs is predominantly confined to the CDR. The CDR3 domain is in direct contact with peptide antigens and is highly diverse, allowing the recognition of various antigens (Attaf et al., 2015). The Anti Simpson Index (1 / DS) was used to evaluate the diversity of Treg TCR β chain CDR3 in BALB / c mice. The results showed that the diversity of Treg TCR β chain CDR3 repertoire in spleen was significantly higher than that in intestine of all samples (Figure 3A). However, there was no statistical significance through the statistical analysis of 1 / DS average distribution in different mice class of intestine and spleen, suggesting that differences in intestinal microorganisms has no obvious effect on the diversity of Treg TCR β CDR3 of intestine and spleen.
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FIGURE 3. Expansive of total Treg TCR beta CDR3 clones in spleen and intestine. (A) The inverse Simpson’s diversity index average distribution; (B,C) Expansive degree in spleen and intestine. GF, Germ-free class mice; SPF, Specific Pathogen-free mice; CL, Clean Class mice. SP, spleen; In, intestine.


The expansive level of Treg TCR β chain CDR3 repertoire can directly reflect the immune response of T cells and can also be used for the immune reconstruction after antiviral treatment or bone marrow transplantation, as well as the detection of autoimmune diseases, including biomarkers for the treatment of type I diabetes (Kern et al., 2014; Shevyrev and Tereshchenko, 2019). The expansive level of each clonotype in intestine (Figure 3B) were conducted, GF mice was mainly in medium frequency (1–2%), while the CL and SPF mice were mainly in high frequency (>2%). For spleen, the clone and proliferation level of Treg TCR β CDR3 repertoire in all mice were mainly in low frequency (<0.02%), and with no statistical significance in the cloning frequency (Figure 3C). It is suggested that the difference of feeding environment has no specific effect on the diversity and clonality of Treg TCR β CDR3 repertoire in the spleen of BALB / c mice.

All samples shared “YEQY” and “NTLY” amino acid motif among five sequences amplified at high frequency (Additional file 3), and the highest frequency was found in CL mice, which may be related to the stimulation of common antigen epitopes in the environment.



Usage Frequency of V, J and V-J Combination Gene Segments in TCR β Chain CDR3 Repertoires

The patterns of TRBV and TRBJ gene usage were determined dominantly by MHC alleles. The same high frequency usage TRBV and TRBJ genes were detected both in spleen and intestine among all samples, such as TRBV19-01 and TRBJ02-07. Moreover, the intestine of GF mice has their own unique high-frequency usage genes, such as TRBV13-02 and TRBJ02-01 (Figure 4). Compared with GF mice, TRBV05-01 and TRBV01-04 were up-regulated in intestine of CL and SPF mice. However, high frequency usage TRBV and TRBJ genes do not differ in spleen among GF, SPF, and CL mice.
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FIGURE 4. Distinct usage percentages of the total TRBV and TRBJ genes in mice spleen and intestine. (A) usage percentages of the TRBV; (B) usage percentages of the TRBJ. GF, Germ-free class mice; SPF, Specific Pathogen-free mice; CL, Clean Class mice. SP, spleen; In, intestine.


To further study the characteristics of TRBV and TRBJ gene usage, the expression level of the 100 most high frequently usage TRBV-TRBJ combinations were compared among GF, SPF, and CL mice. There are common dominant pairing genes in spleen and intestine of all mice and different group of mice also have their own unique advantage matching genes in the intestine and spleen (Additional file 4). TRBV19-01-TRBJ02-07 and TRBV05-01-TRBJ02-07 were dominant combinations identified in intestine and spleen, respectively in all mice.

Between-individual similarities in usage of V, J, and V-J combinations gene segments may stem from chromatin conformation, physical proximity of germline segments, and/or recombinatorial bias (Pickman et al., 2013). Selective bias of V and J gene usage may lead to a loss of diversity in the intestinal TCR repertoires and result in occurrence of some diseases, such as inflammatory bowel disease (Saravanarajan et al., 2020). Although the species of symbiotic bacteria have changed in different environmental levels, there is still a common specific antigen. Therefore, the same high frequency of TRBV and TRBJ gene family of Treg TCR β CDR3 repertoire in the gut and spleen of mice were found, and some specific high frequency of usage may be related to the change of specific symbiotic bacteria after the change of environmental level.



Amino Acid Analysis of TCR Beta Chain CDR3 Repertoire

Different types of T cells have different length distribution of CDR3 and can combine with different MHC complexes. It has been confirmed that the CDR3 length distribution of CD4+ T cells is significant different in patients with IgG4-related disease (Wang et al., 2019). The distribution of amino acid length in all samples was similar, and the distribution of amino acids length was concentrated between 8 and 16 amino acids (Figure 5A). All mice formed bell-shaped distribution, which peaks at 12 amino acids, advocating that the change of intestinal flora does not affect the distribution of CDR3 amino acids sequence of Treg TCR β chain in spleen and intestine.
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FIGURE 5. Amino acid analysis of TCR beta chain CDR3 repertoire. (A) Length distribution of TCR beta chain CDR3 repertoire in spleen and intestine; (B) Top 20 AA usage distribution of Treg TCR beta chain CDR3 repertoire in spleen and intestine; (C) overlap of Treg TCR beta chain CDR3 regions amino acid sequences in spleen and intestine. (D) Statistical analysis of the distribution of TCR-β CDR3 region nucleotides deletion and insertion in spleen and intestine. GF, Germ-free class mice; SPF, Specific Pathogen-free mice; CL, Clean Class mice. SP, spleen; In, intestine.


Moreover, hydroxy hydrophilic amino acids were taken at high frequency in the CDR3 region of Treg TCR β chain in spleen and intestine represented by serine (Figure 5B). However, no significant statistical significance was found among the samples after statistical analysis. These results suggested that the difference of environment has no specific effect on the high frequency use of amino acids in the CDR3 region of Treg TCR β chain in the gut and spleen of BALB / c mice.

The same amino acid overlapping sequence did not appear in the intestine among 3 groups but was found in the spleen (Figure 5C). The same amino acid overlapping sequence in the spleen may be the natural Treg (Cebula et al., 2013) derived from mouse thymus, which is not related to the specific antigen stimulation in the environment.

The cleavage and insertion of CDR3 region of Treg TCR β chain have been reported to be an important mechanism for the formation of CDR3 region diversity (Toor et al., 2016). However, our comparative analysis of the cleavage and insertion of CDR3 region of Treg TCR β chain in spleen and intestine of all experimental samples showed that nucleotide insertion and deletion occur at the junction of V, D, and J gene segments did not significant difference among GF, SPF, and CL mice (Figure 5D), which may be caused by sample size. Therefore, future investigations will be needed to verify the associations in the larger population.




CONCLUSION

In this study, we evaluated the correlation between the differences of intestinal microflora and the heterogeneity of CD4+CD25+Foxp3+Treg TCR β CDR3 repertoire by analyzing the differences of intestinal microflora in different feeding environments and sequencing CD4+CD25+Foxp3+Treg cell in the intestine and spleen. GF, SPF, and CL mice have different intestinal microbial composition, which may be related to the development and composition of different peripheral immune tissues and organs. In addition, the significant difference of Treg TCR β CDR3 repertoire among GF, SPF, and CL were found only in intestine, indicating that different intestinal microbial composition may mainly affect the diversity of intestinal Treg TCR β CDR3 repertoire. However, the mechanism of intestinal microbes regulating intestinal immune system is still unknown, and further confirmatory investigations will be needed to conduct the effects of intestinal microorganisms and metabolites on intestinal immune cells.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

The animal study was reviewed and approved by all animals and experiments were conducted according to the guidance of animal care and use of laboratory animals (Ministry of Health, China) and approved by the Experimental Animal and Use Ethics Committee of Zunyi Medical University.



AUTHOR CONTRIBUTIONS

XY designed the research. JL and HX did the experiment and wrote the manuscript. QM, XH, LM, BS, and SS analyzed parts of the data. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants from the National Natural Science Foundation of China (81860300 and 81660269) and Guizhou Provincial High-level Innovative Talents Project (No. [2018] 5637).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.576445/full#supplementary-material


FOOTNOTES

1https://www.ncbi.nlm.nih.gov/bioproject/PRJNA646285/

2http://www.immunoseq.com


REFERENCES

Agace, W. W., and McCoy, K. D. (2017). Regionalized development and maintenance of the intestinal adaptive immune landscape. Immunity 46, 532–548. doi: 10.1016/j.immuni.2017.04.004

Attaf, M., Huseby, E., and Sewell, A. K. (2015). αβ T cell receptors as predictors of health and disease. Cell Mol. Immunol. 12, 391–399. doi: 10.1038/cmi.2014.134

Brown, C. T., Davis-Richardson, A. G., Giongo, A., Gano, K. A., Crabb, D. B., Mukherjee, N., et al. (2011). Gut microbiome metagenomics analysis suggests a functional model for the development of autoimmunity for type 1 diabetes. PLoS One 6:e25792. doi: 10.1371/journal.pone.025792

Cantarel, B. L., Waubant, E., Chehoud, C., Kuczynski, J., DeSantis, T. Z., Warrington, J., et al. (2015). Gut microbiota in multipLe sclerosis: possible influence of immunomodulators. J. Investig. Med. 63, 729–734. doi: 10.1097/jim.0000000000000192

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). Qiime allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336.

Caricilli, A. M., Castoldi, A., and Camara, N. O. (2014). Intestinal barrier: agentlemen’s agreement between microbiota and immunity. World J. Gastrointest. Pathophysiol. 5, 18–32. doi: 10.4291/wjgp.v5.i1.18

Cebula, A., Seweryn, M., Rempala, G. A., Pabla, S. S., McIndoe, R. A., Denning, T. L., et al. (2013). Thymus-derived regulatory T cells contribute to tolerance to commensal microbiota. Nature 497, 258–262. doi: 10.1038/nature12079

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604

Fontenot, J. D., Gavin, M. A., and Rudensky, A. Y. (2017). Pillars article: Foxp3 programs the development and function of CD4+CD25+ regulatory T Cells. J. Immunol. 198, 986–992.

Fuller, K., Linden, M. D., Lee-Pullen, T., Fragall, C., Erber, W. N., and Röhrig, K. J. (2016). An active, collaborative approach to learning skills in flow cytometry. Adv. Physiol. Educ. 40, 176–185. doi: 10.1152/advan.00002.2015

Gérard, P. (2017). Gut microbiome and obesity. how to prove causality? Ann. Am. Thorac. Soc. 14(Suppl._5), S354–S356.

GiLbert, J. A., and NeufeLd, J. D. (2014). Life in a world without microbes. PLoS Biol. 12:e1002020. doi: 10.1371/journal.pone.1002020

Grover, M., and Kashyap, P. C. (2014). Germ-free mice as a model to study effect of gut microbiota on host physiology. Neurogastroenterol. Motil. 26, 745–748. doi: 10.1111/nmo.12366

Hara, N., ALkanani, A. K., Ir, D., Robertson, C. E., Wagner, B. D., Frank, D. N., et al. (2013). The role of the intestinal microbiota in type 1 diabetes. Clin. Immunol. 146, 112–119. doi: 10.1016/j.clim.2012.12.001

Hori, S., Nomura, T., and Sakaguchi, S. (2003). Control of regulatory T cell development by the transcription factor Foxp3. Science 299, 1057–1061. doi: 10.1126/science.1079490

Ivanov, I. I., Atarashi, K., Manel, N., Brodie, E. L., Shima, T., Karaoz, U., et al. (2009). Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell 139, 485–498.

Ivanov, I. I., Frutos, R. D. L., Manel, N., Yoshinaga, K., Rifkin, D. B., Sartor, R. B., et al. (2008). Specific microbiota direct the differentiation of IL-17-producing T-heLper cells in the mucosa of the small intestine. Cell Host Microb. 4, 337–349. doi: 10.1016/j.chom.2008.09.009

Ivanov, I. I., and Honda, K. (2012). Intestinal commensal microbes as immune modulators. Cell Host Microb. 12, 496–508. doi: 10.1016/j.chom.2012.09.009

Jenkins, P., Naivar, M. A., and Houston, J. P. (2015). Toward the measurement of muLtiple fluorescence lifetimes in flow cytometry: maximizing multi-harmonic content from cells and microspheres. J. Biophoton. 8, 908–917. doi: 10.1002/jbio.201400115

Kern, J., Drutel, R., Leanhart, S., Bogacz, M., and Pacholczyk, R. (2014). Reduction of T cell receptor diversity in NOD mice prevents development of type 1 diabetes but not Sjögren’s syndrome. PLoS One 9:e112467. doi: 10.1371/journal.pone.0112467

Lee, Y. K., Menezes, J. S., Umesaki, Y., and Mazmanian, S. K. (2011). Proinflammatory T-cell responses to gut microbiota promote experimental autoimmune encephalomyelitis. Proc. Natl. Acad. Sci. U.S.A. 108(Suppl._1), 4615–4622. doi: 10.1073/pnas.1000082107

Ma, L., Yang, L., Bin, S., He, X., Peng, A., Li, Y., et al. (2016). Analyzing the CDR3 repertoire with respect to TCR-Beta Chain V-D-J and V-J rearrangements in peripheral T Cells using HTS. Sci. Rep. 6:29544.

Macpherson, A. J., and Harris, N. L. (2004). Interactions between commensal intestinal bacteria and immune system. Nat. Rev. Immunol. 4, 478–485. doi: 10.1038/nri1373

Markle, J. G., Frank, D. N., Mortin-Toth, S., Robertson, C. E., Feazel, L. M., Rolle-Kampczyk, U., et al. (2013). Sex differences in the gut microbiome drive hormone-dependent regulation of autoimmunity. Science 339, 1084–1088. doi: 10.1126/science.1233521

Martin, I., Kaisar, M. M. M., Wiria, A. E., Hamid, F., Djuardi, Y., Sartono, E., et al. (2019). The effect of gut microbiome composition on human immune responses: an exploration of interference by helminth infections. Front. Genet. 10:1028. doi: 10.3389/fgene.2019.01028

Mazmanian, S. K., Liu, C. H., Tzianabos, A. O., and Kasper, D. L. (2005). An immunomodulatory molecuLe of symbiotic bacteria directs maturation of the host immune system. Cell 122, 107–118. doi: 10.1016/j.cell.2005.05.007

McMurran, C. E., Guzman de la Fuente, A., Penalva, R., Menachem-Zidon, O. B., Dombrowski, Y., Falconer, J., et al. (2019). The microbiota regulates murine inflammatory responses to toxin-induced CNS demyelination but has minimal impact on remyelination. Proc. Natl. Acad. Sci. U.S.A. 116, 25311–25321. doi: 10.1073/pnas.1905787116

Nishijima, S., Suda, W., Oshima, K., Kim, S. W., Hirose, Y., Morita, H., et al. (2016). The gut microbiome of healthy Japanese and its microbial and functional uniqueness. DNA Res. 23, 125–133. doi: 10.1093/dnares/dsw002

Nishio, J., Baba, M., Atarashi, K., Tanoue, T., Negishi, H., Yanai, H., et al. (2015). Requirement of full TCR repertoire for regulatory T cells to maintain intestinal homeostasis. Proc. Natl. Acad. Sci. U.S.A. 112, 12770–12775. doi: 10.1073/pnas.1516617112

Pickman, Y., Dunn-WaLters, D., and Mehr, R. (2013). BCR CDR3 length distributions differ between blood and spleen and between old and young patients, and TCR distributions can be used to detect myelodysplastic syndrome. Phys. Biol. 10:056001. doi: 10.1088/1478-3975/10/5/056001

Rehaume, L. M., Mondot, S., Aguirre de Cárcer, D., Velasco, J., Benham, H., Hasnain, S. Z., et al. (2014). ZAP-70 genotype disrupts the relationship between microbiota and host, leading to spondyloarthritis and ileitis in SKG mice. Arthrit. Rheumatol. 66, 2780–2792. doi: 10.1002/art.38773

Rodriguez-Palacios, A., Aladyshkina, N., Ezeji, J. C., Erkkila, H. L., Conger, M., Ward, J., et al. (2018). ‘CycLical Bias’ in microbiome research revealed by a portable germ-free housing system using nested isolation. Sci. Rep. 8:3801.

Rooks, M. G., and Garrett, W. S. (2016). Gut microbiota, metabolites and host immunity. Nat. Rev. Immunol. 16, 341–352. doi: 10.1038/nri.2016.42

Roskin, K. M., Jackson, J. L., Lee, J. Y., Hoh, R. A., Joshi, S. A., Hwang, K. K., et al. (2020). Aberrant B cell repertoire selection associated with HIV neutralizing antibody breadth. Nat. Immunol. 21, 199–209. doi: 10.1038/s41590-019-0581-0

Saravanarajan, K., Douglas, A. R., Ismail, M. S., Omorogbe, J., Semenov, S., Muphy, G., et al. (2020). Genomic profiling of intestinal T-cell receptor repertoires in inflammatory bowel disease. Genes Immun. 21, 109–118. doi: 10.1038/s41435-020-0092-x

Scher, J. U., Sczesnak, A., Longman, R. S., Segata, N., Ubeda, C., Bielski, C., et al. (2013). Expansion of intestinal Prevotella copri correlates with enhanced susceptibility to arthritis. eLife 2:e01202.

Setliff, I., Shiakolas, A. R., Pilewski, K. A., Murji, A. A., Mapengo, R. E., Janowska, K., et al. (2019). High-throughput mapping of B Cell receptor sequences to antigen specificity. Cell 179, 1636–1646.e15.

Shevyrev, D., and Tereshchenko, V. (2019). Treg heterogeneity, function, and homeostasis. Front. Immunol. 10:3100. doi: 10.3389/fgene.2019.03100

Sommer, F., and Bäckhed, F. (2013). The gut microbiota–masters of host development and physiology. Nat. Rev. Microbiol. 11, 227–238. doi: 10.1038/nrmicro2974

Telesford, K. M., Yan, W., Ochoa-Reparaz, J., Pant, A., Kircher, C., Christy, C. A., et al. (2015). A commensal symbiotic factor derived from Bacteroides fragilis promotes human CD39(+)Foxp3(+) T cells and Treg function. Gut Microb. 6, 234–242. doi: 10.1080/19490976.2015.1056973

Toor, A. A., Toor, A. A., Rahmani, M., and Manjili, M. H. (2016). On the organization of human T-cell receptor loci: log-periodic distribution of T-cell receptor gene segments. J. R. Soc. Interf. 13:20150911. doi: 10.1098/rsif.2015.0911

Torella, J. P., Lienert, F., Boehm, C. R., Chen, J. H., Way, J. C., and Silver, P. A. (2014). Unique nucleotide sequence-guided assembly of repetitive DNA parts for synthetic biology applications. Nat. Protoc. 9, 2075–2089. doi: 10.1038/nprot.2014.145

Wang, L., Zhang, P., Li, J., Lu, H., Peng, L., Ling, J., et al. (2019). High-throughput sequencing of CD4 T cell repertoire reveals disease-specific signatures in IgG4-related disease. Arthrit. Res. Ther. 21:295.

Watanabe, A., Sasaki, H., Miyakawa, H., Nakayama, Y., Lyu, Y., and Shibata, S. (2020). Arctium lappa Effect of dose and timing of burdock root intake on intestinal microbiota of mice. Microorganisms 8:220. doi: 10.3390/microorganisms8020220

Wu, H. J., and Wu, E. (2012). The role of gut microbiota in immune homeostasis and autoimmunity. Gut Microb. 3, 4–14. doi: 10.4161/gmic.19320

Zhang, A., Ning, B., Sun, N., Wei, J., and Ju, X. (2015). Indirubin Increases CD4+CD25+Foxp3+ regulatory T Cells to prevent immune thrombocytopenia in mice. PLoS One 10:e0142634. doi: 10.1371/journal.pone.0142634

Zhu, S., Jiang, Y., Xu, K., Cui, M., Ye, M., Zhao, G., et al. (2020). The progress of gut microbiome research related to brain disorders. J. Neuroinflamm. 17:25.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Li, Xue, Ma, He, Ma, Shi, Sun and Yao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcell-08-576445-g002.jpg
Spleen Intestine Mesenteric lymph nodes

-
3 { ety
I

X10






OPS/images/fcell-08-576445-g001.jpg
/ {

Relative abundance (%)

00

3

s

=

SPF.3

Phylum

W Actinobacteria
@ Bacteroidetes
8 Chlamydiae

8 Cyanobacteria
B Defermbacteres.
O Fimicutes:

B Proleobacteria
0 Sprochaetes
aw

B Tenericutes
8 Vemucomirobia
B Unclassdied

000‘$$$

Relative abundance (%)

2

k=3

3

=3

Class

000&&@6

8 0hors{c05%)

SPF

Relative abundance (%)

2

3

&

s

0

GF

Order

oo¢éééé

B Clostridiales
o
B Unclassifed

el

Relative abundance (%)

s

k-3

=

0

OTU Rank Curve

100

0.1

Relative abundance(%)

0.01

0.001

0 50 100

Family

o&oéééé

o
L]

150

200

250 300 350

Number of OTUs

@ Others(<05%)

Relative abundance (%)

3

s

=

0

Genus

ooaéé&é





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Heterogeneity of CD4+CD25+Foxp3+Treg TCR β CDR3 Repertoire Based on the Differences of Symbiotic Microorganisms in the Gut of Mice



		INTRODUCTION



		MATERIALS AND METHODS



		Material and Sample Collection



		Morphological Analysis



		Sequencing of Intestinal Microorganisms



		CD4+CD25+Foxp3+Treg Cells Isolation and RNA Extraction



		TCR β Chain Library Preparation and High-Throughput Sequencing



		Bioinformatics Analysis of TCR β-Chain Library







		RESULTS AND DISCUSSION



		Sequencing of Gut Microorganisms



		Species Diversity and Classification of Gut Microorganisms



		Morphological Analysis of Peripheral Immune Organ



		Sorting of CD4+CD25+Foxp3+Treg Cells in Spleen and Intestine of Mice



		Total Sequence Data Statistics of HTS in CD4+CD25+Foxp3+Treg TCR β CDR3 Repertoire



		Clonal Expansion of Treg TCR β Chain CDR3 Repertoire



		Usage Frequency of V, J and V-J Combination Gene Segments in TCR β Chain CDR3 Repertoires



		Amino Acid Analysis of TCR Beta Chain CDR3 Repertoire







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fcell-08-576445-g005.jpg
8

BN CL-n
== CL-SP

Frequency (%)
8 8

=
B

56 04D 0,00 000 RS
20
#m CL-In
Lo ) CL-SP
§15
g
£ 10
g
2
£s
0
L EVDO0O0UYVAWLQO9A 0 TNO & VAN

Cl-In GF-In

' y ;

SPF-In SPF-In

30 @ SPF-n

=3 SPF-SP

3

Frequency (%)
3

A A R R N U]

N
S

7 SPF-In
m SPF-SP

Frequency (%)
3 @

0
CERO00YRRANDGA O PO

7

Frequency (%)
3

mm GF-In
@ GF-SP

PRI NIRRT

Frequency (%)
3 &

o

I

1 GF-n
= GF-SP

il

. 1l 1| W
TER00CRIANOA0G PNO L v N
4-
ns mm GF-SP
ns [ CL-SP
3{ 85 s —
ns ns
24 _ =
14
04
e @ @ e @& @
PO b"‘\ & S
o S S F & &
4/5 & & & &





OPS/images/fcell-08-576445-g004.jpg
<

8

0
~

e

(%,

o
«

(%,

o w

1
)Aouanbaiy

w o w
° 2
)Aouanbaiy

0
~

-1
&

(%

8
(%

e 2 »
)Aouanbaig

& e
)Aouanbaiy





OPS/images/fcell-08-576445-g003.jpg
1/DS

30000

20000

10000

o

gaonnn

GF-In
GF-SP
CL-In
CL-SP
SPF-In
SPF-SP

w

Frequency(%)

&

n
o
1

O

Bl GF-In

Frequency(%)

1001

80

Bl GF-SP

% SPF-SP

@l CL-SP

‘.ﬁ\o Q’;\° .Q‘is





OPS/images/cover.jpg
a' frontiers
in Cell and Developmental Biology









OPS/images/fcell-08-576445-t001.jpg
Sample Total Out and Stop of frame In frame Productive

CL1-In e 58 134 126
CL1-SP 16926 4904 12022 12008
CL2-In 114 50 64 59
CL2-SP 27266 7875 19391 19351
CL3-In e 26 1S 15
CL3-SP 27126 7757 19369 19340
SPF1-In 113 53 60 58
SPF1-SP 28491 8692 19799 19772
SPF2-In 60 30 30 27
SPF2-SP 58428 16718 41710 41643
SEECEIN 987 420 577 569
GF1-In 223 122 101 99
GF1-SP 27088 8635 18453 18416
GF2-In 106 58 49 40
GF2-SP 4155 1538 2617 2604
GF3-In 195 94 101 101
GF3-SP 27879 8747 19132 19089

GF, Germ-free class mice; SPF, Specific Pathogen-free mice; CL, Clean Class mice;
SR spleen; In, intestine.






OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





