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Abstract

:

Guanylate binding protein 5 (GBP5) is an emerging immune component that has been increasingly recognized for its involvement in autoimmune diseases, particularly inflammatory bowel disease (IBD). IBD is a complex disease involving inflammation of the gastrointestinal tract. Here, we explored the functional significance of GBP5 using Gbp5 knockout mice and wildtype mice exposed to dextran sulfate sodium (DSS) to generate chronic colitis model. We found that Gbp5 deficiency protected mice from DSS-induced chronic colitis. Transcriptome analysis of colon tissues showed reduced immune responses in Gbp5 knockout mice compared to those in corresponding wildtype mice. We further observed that after repeated DSS exposure, the gut microbiota was altered, both in wildtype mice and Gbp5 knockout mice; however, the gut microbiome health index was higher in the Gbp5 knockout mice. Notably, a probiotic murine commensal bacterium, Dubosiella, was predominantly enriched in these knockout mice. Our findings suggest that GBP5 plays an important role in promoting inflammation and dysbiosis in the intestine, the prevention of which might therefore be worth exploring in regards to IBD treatment.
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1. Introduction


Inflammatory bowel disease (IBD) is defined as an autoimmune disease which affects the intestine and multiple systems. The pathogenesis of IBD is multifactorial, and factors such as genetics, diet, gut microbiota dysbiosis, and environmental influences all contributing to its development [1]. The etiology of IBD is still unclear, but the disease appears to occur in genetically susceptible individuals by an dysregulation of both innate and adaptive immune responses against intestinal microorganisms [2]. The composition of the gut microbiota differs between healthy participants and IBD patients. Patients with IBD exhibit a decrease in α diversity, Bacteroides, Firmicutes, Clostridia, Ruminococcaceae, Bifidobacterium, Lactobacillus, and Faecalibacterium prausnitzii, as well as an increase in Gammaproteobacteria, Escherichia coli, and Fusobacterium species [3,4]. Several reports have indicated that certain probiotic bacterial strains, such as Escherichia coli Nissle 1917, Lactobacillus rhamnosus GG, and Enterobacter ludwigii, improved IBD or mouse models of colitis [5,6,7].



Guanylate binding proteins (GBPs) are a family of GTPases highly expressed in human and murine cells exposed to interferon γ (IFNγ) [8]. Seven human GBPs are encoded on chromosome 1, while 11 mouse GBPs are encoded on chromosome 3 and chromosome 5 [9,10]. GBPs are central players in host defense against bacterial, viral, and protozoan pathogens [11,12,13]. GBP5, a founding member of the GBP family, plays an emerging role in mediating defenses against intracellular pathogens, such as Francisella novicida, HIV-1 virus, influenza A virus, and Toxoplasma gondii [14,15,16,17]. Published studies suggest that GBP5 plays a role in innate immunity and inflammation by activating NLRP3 and AIM2 inflammasomes [18,19].



Our previous study revealed that GBP5 is highly expressed in the inflamed colons of IBD patients, and that GBP5 is required for the stimulated production of a large number of cytokines and chemokines in vitro, suggesting a pro-inflammatory role of GBP5 in IBD [20,21]. Recently, Luu et.al found that the downregulation of GBP5 is associated with disease remission following fecal microbiota transplantation in IBD patients [22]. In this work, we show that Gbp5 deficiency protects mice from dextran sulfate sodium (DSS)-induced chronic colitis. The absence of Gbp5 downregulated the immune response associated signaling pathways and enriched the probiotic bacterial statin Dubosiella. These results provide new insight into the role of GBP5 in immune regulation and changing the composition of gut microbiota in vivo.




2. Materials and Methods


2.1. Mice


Gbp5+/− mice in C57BL/6J were purchased from the GemPharmatech Co., Ltd. (Jiangsu, China). Heterozygous mice were mated to generate homozygous offsprings. Genome types of +/+, +/−, and −/− mice were determined by PCR, according to the instructions of the supplier. The mice were maintained under specific pathogen free (SPF) conditions at the Sixth Affiliated Hospital of Sun Yat-sen University. The mice studies were carried out following the guidelines of the Institutional Animal Care and Use Committee of the Sixth Affiliated Hospital of Sun Yat-sen University (approval number: IACUC-2023022201, approved on 22 February 2023).




2.2. Dextran Sodium Sulfate (DSS)-Induced Chronic Colitis


For DSS-induced chronic colitis, 6–8-week-old male mice were used. To select an appropriate DSS concentration, pre-experiments were performed. It was found that 2.5% (w/v) DSS allowed for a successful model of chronic colitis. In contrast, a lower concentration of DSS was insufficient to induce inflammation, while a higher concentration led to excessive death of the mice. The Gbp5−/− mice or wildtype (WT) littermates were randomly divided into two groups. Each group consisted of five age- and sex-matched mice. One group of mice received oral administration of 2.5% DSS (Meilunbio, Dalian, China), dissolved in drinking water, for one week, then sterile water for 2 weeks, for a total of three cycles in sequence, while the other group consumed sterile water only. The mice were sacrificed on day 63. The colon tissues were fixed in 4% paraformaldehyde for H&E staining. The disease activity index (DAI) [23], histological score [24,25], macroscopic score [26], and microscopic score [27] were calculated as previous reported, as briefly explained in Tables S1–S4.




2.3. Quantitative Real-Time PCR (RT-qPCR) Analysis


RNA from the colon tissues of WT mice, untreated or treated with DSS, were isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) and converted into cDNA using Fast Reverse Transcription kits (ES Science, Shanghai, China), according to the manufacturer’s instructions. The RT-qPCR method was employed as follows: 95 °C for 30 s, followed by 40 cycles of 95 °C for 10 s, and 60 °C for 30 s. The RT-qPCR results were analyzed using the relative quantitative 2−ΔΔCT method. Gene expression was assessed using the 2× SYBR mix, with the primers as follows:



mouse Gbp5-forward: 5′-TTCACCCAATCTAAGACCAAGAC-3′;



mouse Gbp5-reverse: 5′-AGCACCAGGCTTTCTAGACG-3′;



mouse Ifng-forward: 5′-GCCACGGCACAGTCATTGA-3′



mouse Ifng-reverse: 5′-TGCTGATGGCCTGATTGTCTT-3′



mouse Actb-forward: 5′-ACCTGACAGACTACCTCATGAAGA-3′



mouse Actb-reverse: 5′-TCATGGATGCCACAGGATTCCATA-3′




2.4. Luminex Bead-Based Multiplex Assay


The colon tissues and serums of the mice were collected and subjected to Luminex bead-based multiplex assay. The tissue samples were lysed, and the proteins were quantitated using a standard BCA protocol. Finally, the equal mass of the tissues (45 μg) or the equal volume of the serums (50 μL) were loaded. The assay was conducted according, to the manufacturer’s protocol, using Bio-Plex Pro Mouse Cytokine Grp I Panel 23-plex (#M60009RDPD) with the Luminex 200 system from Wayen Biotechnologies (Shanghai, China).




2.5. Transcriptome Analysis


Total RNA was extracted from the tissue using TRIzol, according the manufacturer’s instructions. Only high-quality RNA samples were used to construct the sequencing library. RNA purification, reverse transcription, library construction, and sequencing were performed at Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China), according to the manufacturer’s instructions (Illumina, San Diego, CA, USA). The RNA-seq transcriptome library was prepared using Illumina® Stranded mRNA Prep, Ligation from Illumina (San Diego, CA, USA), employing 1 μg of total RNA.



The raw paired end reads were trimmed and quality controlled using fastp v0.23.4 [28], with default parameters. Then, clean reads were separately aligned to the reference genome in the orientation mode using HISAT2 v2.1 software [29]. The mapped reads of each sample were assembled by StringTie [30] using a reference-based approach. To identify DEGs (differential expression genes) between two different samples, the expression level of each transcript was calculated according to the transcripts per million reads (TPM) method. RSEM v1.3.3 [31] was used to quantify gene abundances. Essentially, differential expression analysis was performed using DESeq2 v1.44.0 [32]. DEGs with |log2FC| >= 1 and FDR < 0.05 were considered to be significantly different expressed genes. All data were analyzed using the Majorbio Cloud Platform (https://cloud.majorbio.com/, accessed on 7 March 2024).




2.6. Microbiome Analysis


Fecal samples were collected and stored immediately at −80 °C. Bacteria DNA was isolated using the CTAB/SDS method at Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China). DNA concentration and purity were monitored on 1% agarose gels. Depending to the concentration, DNA was diluted to 1 ng/μL using sterile water.



The 16S rRNA genes of distinct regions were then amplified with the barcode, using specific primers. All PCR reactions were carried out using TransStart® FastPfu DNA Polymerase (TransGen Biotech, Beijing, China). Sequencing libraries were generated using the SMRTbellTM Template Prep Kit (PacBio, Menlo Park, CA, USA). Library quality was assessed on the Qubit@ 2.0 Fluorometer (ThermoFisher Scientific, Waltham, MA, USA) and the FEMTO Pulse system. The library was then sequenced on the PacBio Sequel platform.



Raw sequences were initially processed through the PacBio SMRT portal. Sequences were filtered for a minimum of three passes, and a predicted accuracy of at least 90% (minfullpass = 3, min predicted accuracy = 0.9). The files generated by the PacBio platform were then used for amplicon size trimming to remove sequences outside the expected amplicon size. The reads were compared with the reference database using the UCHIME algorithm (http://www.drive5.com/usearch/manual/uchime_algo.html, accessed on 14 December 2023) to detect chimera sequences, and the chimera sequences were then removed [33,34], after which the clean reads were finally obtained. Sequence analyses were performed using Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/, accessed on 14 December 2023) [35].



For each representative sequence, taxonomic information was annotated using the SSUrRNA data from the Silva database (https://www.arb-silva.de/, accessed on 14 December 2023) based on the Mothur algorithm [36,37]. To investigate the phylogenetic relationships of the different OTUs and the differences in the dominant species in different samples, multiple sequence alignments were conducted using MUSCLE software (Version 3.8.31, http://www.drive5.com/muscle/, accessed on 14 December 2023) [38]. The linear discriminant analysis effect size (LEfSe) method [39] was used to determine discriminatory taxa for each group. The microbial dysbiosis index (MDI) is defined as the log10 of the [total abundance in organisms increased in CD] over the [total abundance of the organisms decreased in CD], as previously reported [40]. The gut microbiome health index (GMHI), formulated based on 50 microbial species associated with healthy gut ecosystems, was used for evaluating the health status of the microbiota [41].




2.7. Statistical Analysis


Data were analyzed using either paired or unpaired two-tailed Student’s t-test with GraphPad Prism (v8.0). The statistical methods used in each experiment were reported in the figure legends. Data were represented as the mean ± SEM (standard error of the mean). The correlation was evaluated using Spearman’s correlation. p < 0.05 was considered to be statistically significant.





3. Results


3.1. Gbp5 Deficiency Alleviated the Symptoms of DSS-Induced Chronic Colitis in Mice


Wildtype (WT) and Gbp5 knockout mice (Gbp5−/−) were repetitively treated with DSS (control mice drinking clean water) for 9 weeks to generate experimental chronic colitis (Figure 1A). In the control groups, the accelerated body weight gain rates of Gbp5−/− mice were observed during this period; moreover, DSS-treated Gbp5−/− mice exhibited a significant reduction in loss of body weight compared to the corresponding WT mice (Figure 1B). By normalizing the weight of each mouse to the initial weight in every DSS cycle, the weight loss of DSS treated mice was affected to a lesser extent in Gbp5−/− compared to the WT mice (Figure 1C). After DSS treatment, the expression of Gbp5 in the colons was elevated, and there was strong positive correlation between Gbp5 and Ifng expression (Figure 1D). The mice were euthanized at day 63 to evaluate the severity of the disease, and the disease activity index (DAI) was reduced after chronic DSS administration in Gbp5−/− mice (Figure 1E). There was no difference regarding colon length between WT and Gbp5−/− mice in the control groups, but a longer colon length was observed in the DSS-treated Gbp5−/− mice compared to that in the corresponding WT mice (Figure 1F). These results showed that the DSS-induced Gbp5 in the inflamed colon played a crucial role in chronic colitis.




3.2. Loss of Gbp5 Decreased Inflammation in Chronic Colitis


The colon tissue of WT and Gbp5−/− mice, untreated or treated with three cycles DSS, were subjected to hematoxylin and eosin (H&E) staining; there was no difference in histology between WT and Gbp5−/− mice in the control groups. DSS administration induced inflammation both in WT and Gbp5−/− mice, but Gbp5−/− mice presented a significantly lower inflammatory cell infiltration (Figure 2A). In addition, the loss of Gbp5 mitigated colitis compared with its severity in the WT littermate controls, with a significantly decreased histological score, macroscopic score, and microscopic score (Figure 2B–D). To further explore the effect of Gbp5 deficiency on cytokines expression, the colon tissues and serums of the mice were subjected to Luminex assay for quantification of 23 cytokines. The results showed that, the levels of 10 cytokines, including Eotaxin (CCL11), G-CSF, IFN-γ, IL-6, TNFα, IL-17A, IL-1β, KC (CXCL1), MCP-1 (CCL2), and MIP-1α in the colon were lower in Gbp5−/− mice treated with DSS compared to the levels in the corresponding WT mice (Figure 2E, Table S5). There were no differences in cytokine expression in the serum between these two groups (Figure 2E, Table S6). These findings suggest that Gbp5 deficiency inhibited the stimulation of pro-inflammatory cytokines in the gut and ameliorated DSS-induced inflammation in chronic colitis.




3.3. Immune Response-Associated Pathways Were Downregulated by DSS Exposure in the Gbp5−/− Mice


To reveal the underlying mechanisms of GBP5 in regards to inflammation, RNA sequencing (RNA-seq) analysis was performed on colon tissue of WT and Gbp5−/− mice. The principal component analysis (PCA) revealed the distinct clustering of transcriptomic profiles between groups (WT, Gbp5−/−, WT_DSS, and Gbp5−/−_DSS) (Figure 3A). A total of 219 DEGs (154 down- and 65 upregulated genes) were screened out of the Gbp5−/−_DSS group compared to the WT_DSS group (Figure 3B). DEGs were then annotated into biological process (BP), cellular component (CC), and molecular function (MF) using GO annotation analysis and KEGG enrichment analysis. The top five enriched pathways are presented in every item; notably, the degree of enrichment (Z score) for these pathways was lower in Gbp5−/−_DSS than in WT_DSS (Figure 3C). Most of these pathways were immune response-associated, such as lymphocyte mediated immunity; adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains; and the defense response to bacterium and the immunoglobulin complex, antigen binding, cytokine–cytokine receptor interaction, and the IL-17 signaling pathway. These data indicating that the DSS-induced colonic immune response, particularly the innate antimicrobial immune response, was reduced with Gbp5 knockout.




3.4. Gbp5 Deficiency Alteration of the Gut Microbiota in Mice


From the gene-pathway analysis of our RNA-seq data between the WT_DSS and Gbp5−/−_DSS mice, we noticed a significant enrichment of genes involved in bacterial infection. To further characterize Gbp5 deficiency-induced alterations in microbiota, the gut microbiota compositions of WT and Gbp5−/− mice were determined before and after three cycles of DSS administration using full-length 16S ribosomal DNA sequencing analysis (Figure 4A). There was no difference in microbial alpha diversity between the pretreated WT and Gbp5−/− mice, but it increased in Gbp5−/− mice after DSS treatment compared to that noted in the corresponding WT mice (a significant difference was only observed in the “ace” index) (Figure 4B,C). Taxonomic analysis of the microbiome using principal coordinate analysis (PCoA) showed that mice treated with DSS exhibited significant clustering separation of the microbiome compared with that of those in the pretreated groups, but there were still differences in the gut bacterial composition between post-treated WT and Gbp5−/− mice (Figure 4D). The Venn diagram also shows that the composition and variety of the gut microbiota changed in WT and Gbp5−/− mice, untreated or treated with DSS (Figure 4E).




3.5. Gbp5 Deficiency Regulates Colon Microbial Homeostasis and Enriches Dubosiella


The gut microbial composition at the phylum level in post-treated and pre-treated mice showed significant differences, especially in regards to the increased abundance of Verrucomicrobiota in the DSS treated mice (Figure 5A). By analyzing the gut microbial composition at the genus level between post-treated WT and Gbp5−/− mice, we observed increasing amounts of Akkemansia and norank_f_Muribaculaceae, and decreasing amounts of Lactobacillus, Turicibacter, and Faecalibaculum in Gbp5−/− mice (Figure 5B). We then used the microbial dysbiosis index (MDI) to evaluate the severity of gut microbiota dysbiosis and found that the trend of MDI was reduced in post-treated Gbp5−/− mice compared to that in the corresponding WT mice (Figure 5C). Taking this observation a step further, we also found that the gut microbiome health index (GMHI) was increased in post-treated Gbp5−/− mice compared to that for the corresponding WT mice (Figure 5D). A linear discriminant analysis of effect size (LEfSe) was used to detect marked differences in the predominance of bacterial communities between post-treated WT and Gbp5−/− mice. Notably, Gbp5 deficiency induced the accumulation of Dubosiella, Candidatus_Saccharimonas, norank_f_Erysipelotrichaceae and ASF356 (Figure 5E). However, using the Student’s t-test, we found that Dubosiella was predominantly enriched in post-treated Gbp5−/− mice compared to the corresponding WT mice (Figure 5F). Taken together, upon DSS exposure, loss of Gbp5 led to an enrichment of Dubosiella, a probiotic murine commensal bacterium, suggesting that DSS-induced upregulation of Gbp5 affected the gut microbial homeostasis.





4. Discussion


This study demonstrates that Gbp5 deficiency reduces susceptibility to DSS-induced chronic colitis. Loss of Gbp5 reduced intestinal inflammation and immune response. Moreover, Gbp5 deficiency alters the gut microbiota and enriches Dubosiella. This sheds light on the interaction between bacteria and the immune system in the inflamed intestine.



IBD presents two major clinical phenotypes: Crohn’s disease (CD) and ulcerative colitis (UC). CD can involve any part of the gastrointestinal tract, from mouth to anus, whereas UC primarily involves confluent inflammation of the colonic mucosa [42]. The DSS-induced chronic colitis mouse model closely resembles human UC [43]. Our previous study showed that GBP5 drives more intense innate immunity and inflammatory responses in human CD than those in UC [44], indicating that GBP5 plays an important role in the pathogenesis of both CD and UC. Consequently, the outcomes of the UC animal model established in this study may also serve as a valuable reference for CD.



Inflammatory factors such IFN-γ, TNF-α, and IL-1β can induce the expression of GBP5 [45,46]; these cytokines are highly expressed in IBD and in the experimental mouse models of colitis [47]. Our previous study showed that the induction of various cytokines, including IFN-γ, TNF-α, and IL-1β, was GBP5-dependent in the THP-1 cells [21]. In this study, it was revealed that upon DSS exposure, Gbp5 deficiency decreased eotaxin, G-CSF, IFN-γ, IL-6, TNFα, IL-17A, IL-1β, KC, MCP-1, and MIP-1α induction in the colon tissue of mice, and did not have a significant effect on these cytokines in the blood. Although the regulatory mechanism of GBP5 in regards to cytokines remains unclear, our findings have broadened the understanding of its in vivo functions.



The abnormal immune response in IBD is associated with dysregulation of both innate and adaptive immunity. An impaired innate immunity results in the loss of regulation over an altered intestinal microbiota and triggers the activation of the adaptive immune system, thereby promoting a secondary inflammatory response that is responsible for tissue damage in IBD [48,49]. Based on the GO analysis, we demonstrated the pathways related to immune response, i.e., lymphocyte mediated immunity, positive regulation of lymphocyte activation, adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains, and humoral immune response, were all downregulated after Gbp5 knockout. The activation and homing of lymphocytes, including B cells, T cells, regulatory T cells, mucosal T cells, T helper cells, and cytotoxic T cells, in inflamed intestine are key phenomena in IBD [50]. Preventing lymphocytes trafficking from the circulation into the gut tissue is considered an efficacious therapeutic option for IBD patients [51]. Based on KEGG enrichment, we also discovered that the gene sets related to cytokine-cytokine receptor interaction, inflammatory bowel disease, rheumatoid arthritis, and the IL-17 signaling pathway were downregulated in Gbp5−/− mice. From the gene-pathway analysis of our transcriptome data comparing Gbp5−/− mice exposed to DSS and WT mice exposed to DSS, we noticed a significant enrichment of genes involved in the defense response to bacterium and viral protein interaction with cytokine and cytokine receptor. GBP5 is a major factor in mediating defenses against intracellular pathogens; however, our study was conducted on specific pathogen-free animals which were not infected with exogenous pathogenic microorganisms. These results highlight the importance of GBP5 in regards to adaptive immunity in the DSS model of colitis.



T helper (Th) 17 cells are a major component of CD4+ T cells, specifically producing IL-17 [52]. Th17 cells and IL-17 play crucial roles in the occurrence and development of IBD and serve as a bridge between gut microbes and the gut immune system [53]. A prominent characteristic of IBD is the decrease in beneficial bacteria and the increase in pathogenic bacteria [54]. The commensal bacteria degrade food in the intestine to supply energy to cells, generate short chain fatty acids (SCFAs) to maintain gut homeostasis, and drive host resilience to pathogen invasion [55,56]. A study identified a probiotic murine commensal bacterium, Dubosiella, that ameliorates DSS-induced colitis by rebalancing Treg/Th17 responses and improving mucosal barrier integrity [57]. Dubosiella was reported to have an anti-aging function and acts as a crucial genus for enhancing exercise effectiveness in the treatment of NAFLD [58,59]. From these previous studies, Dubosiella may represent a promising therapeutic target for diseases accompanied by dysbiosis. In line with the results of these studies, our results showed that Dubosiella was accumulated in Gbp5−/− mice treated with DSS compared to the results for corresponding WT mice, which indicates that GBP5 has a role in controlling intestinal homeostasis.



The major limitation of this study is that although we have found that GBP5 can promote the occurrence and development of colonic inflammation in vivo, the specific mechanism of how GBP5 exacerbates the immune response has not been fully determined. In addition, GBP5 as a molecule that helps cells produce autonomous immunity against pathogenic microorganisms, as well as its effect on the structure of microbiota in the complex and diverse microbial environment of the intestine, requires further study. Moreover, the mice used in this study were bred and hosted under specific pathogen-free conditions which strongly influences gut microbiota; therefore, the results gathered under conventional conditions or in the case of human disease could be different.




5. Conclusions


Currently, there are no therapies focused on GBPs in autoimmune diseases. Thus, this area presents an exciting opportunity, given the putative role of GBP5 as an endogenous regulator of immune response and gut microbiota.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biom14070873/s1, Table S1: Disease activity index (DAI) for assessment of DSS colitis severity; Table S2: Histological score for assessment of DSS colitis; Table S3: Macroscopic scores for assessment of colon damage; Table S4: Microscopic total damage score for assessment of DSS colitis; Table S5: The concentration of cytokines in the colon, quantitated by Luminex assay (pg/mL); Table S6: The concentration of cytokines in the serum, quantitated by Luminex assay (pg/mL).





Author Contributions


Conceptualization, Y.L. (Yichen Li) and W.W.; methodology, Y.L. (Yichen Li); software, W.W.; validation, Y.L. (Yuxuan Liu); formal analysis, S.L.; investigation, J.W.; resources, Y.L. (Yichen Li); data curation, W.W.; writing—original draft preparation, Y.L. (Yichen Li); writing—review and editing, W.W. and L.H.; visualization, W.W.; supervision, L.H.; project administration, L.H.; funding acquisition, L.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Natural Science Foundation of Guangdong Province 2021A1515012478 (L.H.) and the Science and Technology Planning Project of Shenzhen Municipality JCYJ20190807160411245 (L.H.).




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Ethics Committee of Sixth Affiliated Hospital of Sun Yat-sen University (approval number: IACUC-2023022201, approved on 22 February 2023).




Informed Consent Statement


Not applicable.




Data Availability Statement


The samples of RNA-Seq sequencing are available from the NCBI under accession number PRJNA1111593, and 16S rRNA gene sequencing is available from the NCBI under accession number PRJNA1098356.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Kaplan, G.G. The global burden of IBD: From 2015 to 2025. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 720–727. [Google Scholar] [CrossRef] [PubMed]

	



Goethel, A.; Croitoru, K.; Philpott, D.J. The interplay between microbes and the immune response in inflammatory bowel disease. J. Physiol. 2018, 596, 3869–3882. [Google Scholar] [CrossRef]

	



Kostic, A.D.; Xavier, R.J.; Gevers, D. The microbiome in inflammatory bowel disease: Current status and the future ahead. Gastroenterology 2014, 146, 1489–1499. [Google Scholar] [CrossRef] [PubMed]

	



Gilliland, A.; Chan, J.J.; De Wolfe, T.J.; Yang, H.; Vallance, B.A. Pathobionts in Inflammatory Bowel Disease: Origins, Underlying Mechanisms, and Implications for Clinical Care. Gastroenterology 2024, 166, 44–58. [Google Scholar] [CrossRef] [PubMed]

	



Kruis, W.; Fric, P.; Pokrotnieks, J.; Lukas, M.; Fixa, B.; Kascak, M.; Kamm, M.A.; Weismueller, J.; Beglinger, C.; Stolte, M.; et al. Maintaining remission of ulcerative colitis with the probiotic Escherichia coli Nissle 1917 is as effective as with standard mesalazine. Gut 2004, 53, 1617–1623. [Google Scholar] [CrossRef] [PubMed]

	



Dieleman, L.A.; Goerres, M.S.; Arends, A.; Sprengers, D.; Torrice, C.; Hoentjen, F.; Grenther, W.B.; Sartor, R.B. Lactobacillus GG prevents recurrence of colitis in HLA-B27 transgenic rats after antibiotic treatment. Gut 2003, 52, 370–376. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Sun, X.; Yu, K.; Lv, J.; Miao, C.; Yang, J.; Wang, S.; Fu, Z.; Sun, Y.; Zhang, H.; et al. Enterobacter ludwigii protects DSS-induced colitis through choline-mediated immune tolerance. Cell Rep. 2022, 40, 111308. [Google Scholar] [CrossRef]

	



Kirkby, M.; Enosi Tuipulotu, D.; Feng, S.; Lo Pilato, J.; Man, S.M. Guanylate-binding proteins: Mechanisms of pattern recognition and antimicrobial functions. Trends. Biochem. Sci. 2023, 48, 883–893. [Google Scholar] [CrossRef] [PubMed]

	



Olszewski, M.A.; Gray, J.; Vestal, D.J. In silico genomic analysis of the human and murine guanylate-binding protein (GBP) gene clusters. J. Interferon. Cytokine Res. 2006, 26, 328–352. [Google Scholar] [CrossRef]

	



Kresse, A.; Konermann, C.; Degrandi, D.; Beuter-Gunia, C.; Wuerthner, J.; Pfeffer, K.; Beer, S. Analyses of murine GBP homology clusters based on in silico, in vitro and in vivo studies. BMC Genom. 2008, 9, 158. [Google Scholar] [CrossRef]

	



Pilla-Moffett, D.; Barber, M.F.; Taylor, G.A.; Coers, J. Interferon-Inducible GTPases in Host Resistance, Inflammation and Disease. J. Mol. Biol. 2016, 428, 3495–3513. [Google Scholar] [CrossRef] [PubMed]

	



Meunier, E.; Broz, P. Interferon-inducible GTPases in cell autonomous and innate immunity. Cell. Microbiol. 2016, 18, 168–180. [Google Scholar] [CrossRef]

	



Li, P.; Jiang, W.; Yu, Q.; Liu, W.; Zhou, P.; Li, J.; Xu, J.; Xu, B.; Wang, F.; Shao, F. Ubiquitination and degradation of GBPs by a Shigella effector to suppress host defence. Nature 2017, 551, 378–383. [Google Scholar] [CrossRef] [PubMed]

	



Meunier, E.; Wallet, P.; Dreier, R.F.; Costanzo, S.; Anton, L.; Ruhl, S.; Dussurgey, S.; Dick, M.S.; Kistner, A.; Rigard, M.; et al. Guanylate-binding proteins promote activation of the AIM2 inflammasome during infection with Francisella novicida. Nat. Immunol. 2015, 16, 476–484. [Google Scholar] [CrossRef] [PubMed]

	



Krapp, C.; Hotter, D.; Gawanbacht, A.; McLaren, P.J.; Kluge, S.F.; Sturzel, C.M.; Mack, K.; Reith, E.; Engelhart, S.; Ciuffi, A.; et al. Guanylate Binding Protein (GBP) 5 Is an Interferon-Inducible Inhibitor of HIV-1 Infectivity. Cell Host Microbe 2016, 19, 504–514. [Google Scholar] [CrossRef] [PubMed]

	



Feng, J.; Cao, Z.; Wang, L.; Wan, Y.; Peng, N.; Wang, Q.; Chen, X.; Zhou, Y.; Zhu, Y. Inducible GBP5 Mediates the Antiviral Response via Interferon-Related Pathways during Influenza A Virus Infection. J. Innate Immun. 2017, 9, 419–435. [Google Scholar] [CrossRef] [PubMed]

	



Matta, S.K.; Patten, K.; Wang, Q.; Kim, B.H.; MacMicking, J.D.; Sibley, L.D. NADPH Oxidase and Guanylate Binding Protein 5 Restrict Survival of Avirulent Type III Strains of Toxoplasma gondii in Naive Macrophages. mBio 2018, 9, e01393-18. [Google Scholar] [CrossRef] [PubMed]

	



Shenoy, A.R.; Wellington, D.A.; Kumar, P.; Kassa, H.; Booth, C.J.; Cresswell, P.; MacMicking, J.D. GBP5 promotes NLRP3 inflammasome assembly and immunity in mammals. Science 2012, 336, 481–485. [Google Scholar] [CrossRef] [PubMed]

	



Man, S.M.; Karki, R.; Malireddi, R.K.; Neale, G.; Vogel, P.; Yamamoto, M.; Lamkanfi, M.; Kanneganti, T.D. The transcription factor IRF1 and guanylate-binding proteins target activation of the AIM2 inflammasome by Francisella infection. Nat. Immunol. 2015, 16, 467–475. [Google Scholar] [CrossRef]

	



Gao, S.; Li, Y.; Wu, D.; Jiao, N.; Yang, L.; Zhao, R.; Xu, Z.; Chen, W.; Lin, X.; Cheng, S.; et al. IBD Subtype-Regulators IFNG and GBP5 Identified by Causal Inference Drive More Intense Innate Immunity and Inflammatory Responses in CD Than Those in UC. Front. Pharmacol. 2022, 13, 869200. [Google Scholar] [CrossRef]

	



Li, Y.; Lin, X.; Wang, W.; Wang, W.; Cheng, S.; Huang, Y.; Zou, Y.; Ke, J.; Zhu, L. The Proinflammatory Role of Guanylate-Binding Protein 5 in Inflammatory Bowel Diseases. Front. Microbiol. 2022, 13, 926915. [Google Scholar] [CrossRef] [PubMed]

	



Luu, L.D.W.; Pandey, A.; Paramsothy, S.; Ngo, C.; Castano-Rodriguez, N.; Liu, C.; Kamm, M.A.; Borody, T.J.; Man, S.M.; Kaakoush, N.O. Profiling the colonic mucosal response to fecal microbiota transplantation identifies a role for GBP5 in colitis in humans and mice. Nat. Commun. 2024, 15, 2645. [Google Scholar] [CrossRef] [PubMed]

	



Murthy, S.N.; Cooper, H.S.; Shim, H.; Shah, R.S.; Ibrahim, S.A.; Sedergran, D.J. Treatment of dextran sulfate sodium-induced murine colitis by intracolonic cyclosporin. Dig. Dis. Sci. 1993, 38, 1722–1734. [Google Scholar] [CrossRef]

	



Klopfleisch, R. Multiparametric and semiquantitative scoring systems for the evaluation of mouse model histopathology—A systematic review. BMC Vet. Res. 2013, 9, 123. [Google Scholar] [CrossRef] [PubMed]

	



He, Z.; Wu, J.; Gong, J.; Ke, J.; Ding, T.; Zhao, W.; Cheng, W.M.; Luo, Z.; He, Q.; Zeng, W.; et al. Microbiota in mesenteric adipose tissue from Crohn’s disease promote colitis in mice. Microbiome 2021, 9, 228. [Google Scholar] [CrossRef]

	



Yang, R.; Liao, Y.; Wang, L.; He, P.; Hu, Y.; Yuan, D.; Wu, Z.; Sun, X. Exosomes Derived From M2b Macrophages Attenuate DSS-Induced Colitis. Front. Immunol. 2019, 10, 2346. [Google Scholar] [CrossRef]

	



Fabisiak, N.; Fabisiak, A.; Chmielowiec-Korzeniowska, A.; Tymczyna, L.; Kamysz, W.; Kordek, R.; Bauer, M.; Kamysz, E.; Fichna, J. Anti-inflammatory and antibacterial effects of human cathelicidin active fragment KR-12 in the mouse models of colitis: A novel potential therapy of inflammatory bowel diseases. Pharmacol. Rep. 2021, 73, 163–171. [Google Scholar] [CrossRef]

	



Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [Google Scholar] [CrossRef]

	



Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12, 357–360. [Google Scholar] [CrossRef]

	



Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.C.; Mendell, J.T.; Salzberg, S.L. StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290–295. [Google Scholar] [CrossRef]

	



Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC Bioinform. 2011, 12, 323. [Google Scholar] [CrossRef]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef] [PubMed]

	



Kulis-Horn, R.K.; Persicke, M.; Kalinowski, J. Histidine biosynthesis, its regulation and biotechnological application in Corynebacterium glutamicum. Microb. Biotechnol. 2014, 7, 5–25. [Google Scholar] [CrossRef] [PubMed]

	



Wall, C.L.; Day, A.S.; Gearry, R.B. Use of exclusive enteral nutrition in adults with Crohn’s disease: A review. World J. Gastroenterol. 2013, 19, 7652–7660. [Google Scholar] [CrossRef] [PubMed]

	



Ames, B.N.; Martin, R.G.; Garry, B.J. The first step of histidine biosynthesis. J. Biol. Chem. 1961, 236, 2019–2026. [Google Scholar] [CrossRef] [PubMed]

	



Kulis-Horn, R.K.; Persicke, M.; Kalinowski, J. Corynebacterium glutamicum ATP-phosphoribosyl transferases suitable for L-histidine production—Strategies for the elimination of feedback inhibition. J. Biotechnol. 2015, 206, 26–37. [Google Scholar] [CrossRef] [PubMed]

	



Quince, C.; Ijaz, U.Z.; Loman, N.; Eren, A.M.; Saulnier, D.; Russell, J.; Haig, S.J.; Calus, S.T.; Quick, J.; Barclay, A.; et al. Extensive Modulation of the Fecal Metagenome in Children with Crohn’s Disease During Exclusive Enteral Nutrition. Am. J. Gastroenterol. 2015, 110, 1718–1729; quiz 1730. [Google Scholar] [CrossRef] [PubMed]

	



Pigneur, B.; Lepage, P.; Mondot, S.; Schmitz, J.; Goulet, O.; Doré, J.; Ruemmele, F.M. Mucosal Healing and Bacterial Composition in Response to Enteral Nutrition Vs Steroid-based Induction Therapy—A Randomised Prospective Clinical Trial in Children With Crohn’s Disease. J. Crohns Colitis 2019, 13, 846–855. [Google Scholar] [CrossRef] [PubMed]

	



Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery and explanation. Genome Biol. 2011, 12, R60. [Google Scholar] [CrossRef]

	



Gevers, D.; Kugathasan, S.; Denson, L.A.; Vazquez-Baeza, Y.; Van Treuren, W.; Ren, B.; Schwager, E.; Knights, D.; Song, S.J.; Yassour, M.; et al. The treatment-naive microbiome in new-onset Crohn’s disease. Cell Host Microbe 2014, 15, 382–392. [Google Scholar] [CrossRef]

	



Gupta, V.K.; Kim, M.; Bakshi, U.; Cunningham, K.Y.; Davis, J.M., 3rd; Lazaridis, K.N.; Nelson, H.; Chia, N.; Sung, J. A predictive index for health status using species-level gut microbiome profiling. Nat. Commun. 2020, 11, 4635. [Google Scholar] [CrossRef] [PubMed]

	



Flynn, S.; Eisenstein, S. Inflammatory Bowel Disease Presentation and Diagnosis. Surg. Clin. N. Am. 2019, 99, 1051–1062. [Google Scholar] [CrossRef] [PubMed]

	



Czarnewski, P.; Parigi, S.M.; Sorini, C.; Diaz, O.E.; Das, S.; Gagliani, N.; Villablanca, E.J. Conserved transcriptomic profile between mouse and human colitis allows unsupervised patient stratification. Nat. Commun. 2019, 10, 2892. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, S.; Wu, D.; Li, J.; Zou, Y.; Wan, Y.; Shen, L.; Zhu, L.; Shi, M.; Hou, L.; Xu, T.; et al. Risk factors for the critical illness in SARS-CoV-2 infection: A multicenter retrospective cohort study. Respir. Res. 2020, 21, 277. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.; Wei, K.; Slowikowski, K.; Fonseka, C.Y.; Rao, D.A.; Kelly, S.; Goodman, S.M.; Tabechian, D.; Hughes, L.B.; Salomon-Escoto, K.; et al. Defining inflammatory cell states in rheumatoid arthritis joint synovial tissues by integrating single-cell transcriptomics and mass cytometry. Nat. Immunol. 2019, 20, 928–942. [Google Scholar] [CrossRef] [PubMed]

	



Haque, M.; Siegel, R.J.; Fox, D.A.; Ahmed, S. Interferon-stimulated GTPases in autoimmune and inflammatory diseases: Promising role for the guanylate-binding protein (GBP) family. Rheumatology 2020, 60, 494–506. [Google Scholar] [CrossRef] [PubMed]

	



Neurath, M.F. Cytokines in inflammatory bowel disease. Nat. Rev. Immunol. 2014, 14, 329–342. [Google Scholar] [CrossRef] [PubMed]

	



Danne, C.; Skerniskyte, J.; Marteyn, B.; Sokol, H. Neutrophils: From IBD to the gut microbiota. Nat. Rev. Gastroenterol. Hepatol. 2024, 21, 184–197. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Yu, T.; Zhou, G.; Yao, S.; Wakamiya, M.; Hu, H.; Paessler, S.; Sun, J.; Cong, Y. Intrinsic STING Switches off Pathogenetic Programs of Th1 Cells to Inhibit Colitis. Cell. Mol. Gastroenterol. Hepatol. 2023, 15, 1161–1179. [Google Scholar] [CrossRef]

	



Horjus Talabur Horje, C.S.; Smids, C.; Meijer, J.W.; Groenen, M.J.; Rijnders, M.K.; van Lochem, E.G.; Wahab, P.J. High endothelial venules associated with T cell subsets in the inflamed gut of newly diagnosed inflammatory bowel disease patients. Clin. Exp. Immunol. 2017, 188, 163–173. [Google Scholar] [CrossRef]

	



Ghosh, S.; Panaccione, R. Anti-adhesion molecule therapy for inflammatory bowel disease. Ther. Adv. Gastroenterol. 2010, 3, 239–258. [Google Scholar] [CrossRef] [PubMed]

	



Bedoya, S.K.; Lam, B.; Lau, K.; Larkin, J., 3rd. Th17 cells in immunity and autoimmunity. Clin. Dev. Immunol. 2013, 2013, 986789. [Google Scholar] [CrossRef] [PubMed]

	



Yasuda, K.; Takeuchi, Y.; Hirota, K. The pathogenicity of Th17 cells in autoimmune diseases. Semin. Immunopathol. 2019, 41, 283–297. [Google Scholar] [CrossRef] [PubMed]

	



Tian, T.; Zhao, Y.; Yang, Y.; Wang, T.; Jin, S.; Guo, J.; Liu, Z. The protective role of short-chain fatty acids acting as signal molecules in chemotherapy- or radiation-induced intestinal inflammation. Am. J. Cancer Res. 2020, 10, 3508–3531. [Google Scholar] [PubMed]

	



Leung, C.Y.; Weitz, J.S. Not by (Good) Microbes Alone: Towards Immunocommensal Therapies. Trends. Microbiol. 2019, 27, 294–302. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Cui, W.; Li, X.; Yang, H. Interaction Between Commensal Bacteria, Immune Response and the Intestinal Barrier in Inflammatory Bowel Disease. Front. Immunol. 2021, 12, 761981. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Tu, S.; Ji, X.; Wu, J.; Meng, J.; Gao, J.; Shao, X.; Shi, S.; Wang, G.; Qiu, J.; et al. Dubosiella newyorkensis modulates immune tolerance in colitis via the L-lysine-activated AhR-IDO1-Kyn pathway. Nat. Commun. 2024, 15, 1333. [Google Scholar] [CrossRef]

	



Liu, T.H.; Wang, J.; Zhang, C.Y.; Zhao, L.; Sheng, Y.Y.; Tao, G.S.; Xue, Y.Z. Gut microbial characteristical comparison reveals potential anti-aging function of Dubosiella newyorkensis in mice. Front. Endocrinol. 2023, 14, 1133167. [Google Scholar] [CrossRef]

	



Ye, X.; Sun, P.; Lao, S.; Wen, M.; Zheng, R.; Lin, Y.; Gan, L.; Fan, X.; Wang, P.; Li, Z.; et al. Fgf21-Dubosiella axis mediates the protective effects of exercise against NAFLD development. Life Sci. 2023, 334, 122231. [Google Scholar] [CrossRef]








[image: Biomolecules 14 00873 g001] 





Figure 1. Gbp5 knockout attenuates DSS-induced chronic colitis. (A) Experimental scheme for DSS-induced chronic colitis. DSS water (2.5%) was repetitively administered to mice to induce colitis. (B) The percentage of body weight change normalized by the initial weight of each mouse. Paired Student’s t-test, *, p < 0.05. (C) The percentage of body weight change normalized by the initial weight of each mouse in every DSS cycle. (D) The mRNA level and Spearman’s correlation of Gbp5 and Ifng in the colon of WT mice, untreated or treated with DSS. (E) Disease activity index (DAI) and (F) colon length on day 63 of WT and Gbp5−/− mice, treated with DSS, as in (A), or not treated (NT). Data are mean ± SEM. n = five per group. NS, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001; Student’s t-test. DSS, dextran sulfate sodium. 
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Figure 2. Gbp5 deficiency alleviates DSS-induced chronic colitis in mice. (A) Left: representative hematoxylin and eosin (H&E) stained images of colon cross-sections from WT and Gbp5−/− mice, untreated or treated with DSS. The immune cell infiltration in the submucosa and mucosa layers was highlighted with yellow and blue dotted lines, respectively. Scale bars: 250 μm (upper panels); and 50 μm (lower panels). (B–D) Histopathologic, macroscopic, and microscopic scoring were conducted to examine lymphocyte infiltration and intestinal damage. (E) The expression levels of the indicated cytokines in the colons and serum of WT and Gbp5−/− mice, untreated or treated with DSS. The concentrations of the cytokines were quantified using a Luminex liquid suspension chip. Data were normalized as (x−mean)/SD. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; Student’s t-test. 
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Figure 3. The immune response was downregulated in Gbp5−/− mice treated with DSS compared to that of WT mice. (A) The colon tissues of mice were subjected to total RNA extraction and RNA sequencing. PCA analysis of transcriptomes from WT and Gbp5−/− mice, untreated or treated with DSS. (B) Volcano plot showing differentially expressed genes (DEGs) between WT and Gbp5−/− mice treated with DSS. (C) GO and KEGG enrichment analysis were performed for DEGs. The cut-off values for selecting DEGs: |Log2(Fold Change)| ≥ 1 and p. adjust < 0.05. BP, biological process; CC, cellular compartment; MF, molecular function. 
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Figure 4. Gbp5 deficiency induces changes in the community structure of the intestinal flora. (A) WT mice and Gbp5−/− mice were treated with DSS or water. The DSS cycles were interspersed with 2week periods of plain water administration. Feces collected at day 0 (pre-treatment of WT mice: PrW; pre-treatment of Gbp5 knockout mice: PrK) and at the end of the experiment (post-treatment of WT mice: PoW; post-treatment of Gbp5 knockout mice: PoK) were analyzed using 16S ribosomal DNA sequencing. (B,C) Alpha diversity of microbiome from mice evaluated by phylogenetic diversity (pd) and abundance-based coverage estimator (ace). (D) PCoA of microbiotic structure. (E) Venn analysis comparing the PrW, PrK, PoW, and PoK groups. NS, not significant; * p < 0.05; Student’s t-test. 
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Figure 5. Gbp5 deficiency promotes gut microbiome health in DSS-induced chronic colitis. (A) The relative abundance of the top 10 phyla in the PrW, PrK, PoW, and PoK groups. (B) The relative abundance of the top 10 genera in the PoW and PoK groups. (C) Microbial dysbiosis index (MDI) in the PrW, PrK, PoW, and PoK groups. (D) Gut microbiome health index (GMHI) between PoW and PoK groups. (E) Linear discriminate analysis (LDA) at genus levels between PoW and PoK groups by LEFSe. (F) Student’s t-test at genus levels between PoW and PoK groups. NS, not significant; * p < 0.05; ** p < 0.01; Student’s t-test. 
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