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Editorial on the Research Topic
 Three-way interactions between host, environment, and microbiome: Importance of microbiology in the One Health




The microbiome is burgeoning as one of the new frontiers in the field of biomedical research. The potential of research is as colossal and varied as the microbes in these communities. Microbes such as viruses, bacteria, prions, and fungi as disease vectors have been intensively studied in recent years, contributing to great advances in medicine. As research on gut microbes has progressed, microbes have generally come to be considered as closely related to hosts and as having a vital role in maintaining human health, ranging from digestive functions to nutrient uptake, and regulating the immune response. However, little research has examined the role of microbes in host health in certain environments. There is a huge knowledge gap as to how the microorganisms, environment, and host interact with each other and what the results are.

Microbiology continues to attract the attention of ecologists and medical scientists, resulting in the stimulation of numerous initiatives to study the effects of the microbiome on host health in different microenvironments. In this Research Topic, “Three-way interactions between host, environment, and microbiome: Importance of microbiology in the One Health,” a total of nine articles were published, covering a variety of topics that involve a variety of microbes in different microenvironments, including bacteria in the tumor microenvironment, the microbiota of different anatomical sites (nasopharyngeal, oropharyngeal, lung, and gut), and the discovery of novel, bioactive functional substances such as a microsatellite DNA-derived oligodeoxynucleotide, hypothetical protein FoDbp40, and Stenotrophomonas maltophilia. Moreover, the synergy of the microbiome was reported, focusing on the effects of the regulation of intestinal flora in conjunction with drug use on host health.

In recent times, research on the microbiome has evolved from the culture of intestinal and oral microbiota to a mechanistic comprehension of the host–microbiome connection and a microbiome map of all the niches in the body. Xu et al. discussed the diversity and specificity of bacteria in different cancers. The amount and multiformity of bacteria in breast tumor samples were greater than in normal breast samples. In contrast, the microbiome of lung cancer tissue changed less than that of the corresponding normal tissue. A particular bacterium, Helicobacter pylori, has been associated with stomach cancer and specified by the World Health Organization as a class I carcinogen; however, no conclusive results on the potential role of other bacterial species in most cancer types have been reported. Many challenges remain in the identification of tumor-specific bacteria. Xu et al. further reviewed the connection between macrophages and bacteria in cancer. Bacteria may multiply in macrophages and control them via a variety of interference tactics. Macrophage polarization seems to be an intermediate procedure activated by some signals during tumorigenesis and regression. Macrophages show diverse phenotypes in response to multiple stimuli that act on various receptors and thus play a regulatory role through multiple signaling pathways. Chen et al. also focused on microbiomes at different anatomical sites. Chen et al. analyzed the gut and respiratory tract (oropharynx, nasopharynx, and lung) microflora of normal and influenza A virus (IAV)-infected mice and compared the microflora structure on diverse mucosal surfaces. It was shown that the pulmonary flora of healthy mice was mainly nasopharyngeal, and IAV infection could increase the microbiota similarity between the lungs and nasopharynx. Importantly, Lactobacillus murinus was identified as a biomarker for IAV infection, because its abundance was decreased in all ecological niches.

Fusarium oxysporum, a fungus existing in the environment that can infect crops such as cotton, rice, and wheat, is also an important opportunistic pathogen of humans, which seriously affects food safety and human health (Kazan and Gardiner, 2018; Alkatan and Al-Essa, 2019; Zhu et al., 2021). The study of Zhao et al. indicated that the gene encoding isocitrate lyase is a pivotal element that affects the growth of Fusarium oxysporum, and FoDbp40 protein could regulate the activity of isocitrate lyase, affect the ATP level and the AMPK/mTOR pathways, and consequently regulate Fusarium oxysporum virulence and growth. Dai et al. reviewed various toll-like receptors (TLRs) that are involved in the immunopathogenesis of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Dai et al. made clear the potential application value of the application of TLR immunomodulators in patients with coronavirus disease 2019 (COVID-19). Some viruses and fungi living in the natural environment, and likewise environmental factors such as smoking and exposure to chemicals, may cause changes in the composition and structure of an organism's microbiome that can affect host health. Shen et al. demonstrated an observable augmentation of the genus Stenotrophomonas in lung adenocarcinoma (LADC) tissues of non-smoking patients with a primary tumor size greater than 3 cm. Shen et al. further found that Stenotrophomonas treatment drove inflammation and upregulated tumor-associated cell signaling in the nitrosamines 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone-induced lung cancer mouse model. In addition, histone deacetylase 5 gene expression was significantly upregulated in Stenotrophomonas-treated groups and was required for Stenotrophomonas-induced cell proliferation and migration in LADC cell line A549. Zhang et al. previously designed an oligodeoxynucleotide (named MS19) with six AAAG repeated units based on human microsatellite DNA sequences. Zhang et al. demonstrated that MS19 inhibited pathogen-associated molecular patterns-induced inflammatory responses in vitro and in vivo. This inhibition is related to nuclear factor kappa B signal transduction but not to mitogen-activated protein kinase transduction. Moreover, Li et al. found that guanylate-binding protein 5 (GBP5) is highly expressed in the colonic immune cells of inflammatory bowel disease (IBD) patients. Induction of GBP5 is required for the stimulated production of proinflammatory cytokines and chemokines, while GBP5 deficiency decreases the expression of the proinflammatory mediators. These results suggest that targeting GBP5 may be an effective strategy for IBD management.

Exposure to radiation, heat and cold stimulation, animal fur, pollen, chemicals, parasites, and other aspects of the environment may cause human skin inflammation and even skin diseases. However, it is not clear whether the progression of skin diseases is connected with the changes in human microbes. Liu et al. analyzed changes of the intestinal flora in stool samples from melasma patients and healthy subjects by 16S rRNA sequencing, observing that many significantly different microbiomes are closely related to beta-glucuronidase production and the regulation of estrogen metabolism. These findings imply that changes of the gut microbiota structure in melasma patients can play an important role in the occurrence and development of melasma by affecting the body's estrogen metabolism.

Either Shugan decoction (SGD) or fecal microbiota transplantation (FMT) can alleviate the symptoms of irritable bowel syndrome (IBS) in patients and animal models. However, the synergistic effect of FMT and SGD on IBS symptoms is not clear. Meng et al. conducted relevant research and found that SGD and FMT had no synergistic effect on water avoidance stress (WAS)-induced IBS model rats. It was suggested that the metabolites of intestinal microbiota may be the main active substances of the FML derived from normal rats to alleviate WAS-induced IBS symptoms.

Taken together, these studies provide crucial insights into the interactions between the microbiota change, environment, and host health and emphasize the potential of a microsatellite DNA-derived oligodeoxynucleotide, hypothetical protein FoDbp40, and Stenotrophomonas maltophilia. However, the mechanisms behind these phenomena need to be further studied. Moreover, future research should also focus on the role of extreme environmental conditions, such as extreme temperatures and ultraviolet radiation, in shaping the multiniche microbiome and its consequence to host health. Overall, the studies have provided increasing evidence on the importance of the microbiome and highlighted the need for further research into the interactions between the host, environment, and microbiome.
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NLRP3 inflammasome is implicated in the pathogenesis of inflammatory bowel diseases (IBD). Since guanylate-binding protein 5 (GBP5) induces the NLRP3 inflammasome activity, we aim to investigate the potential role of GBP5 in IBD pathogenesis. The expression of GBP5, NLRP3 inflammasome, and related cytokines and chemokines was examined in two cohorts of IBD patients and healthy controls, by microarray transcriptome analysis and quantitative real-time PCR. Cellular localization of GBP5 in colonic biopsies was examined by immunohistochemistry and immunofluorescence with confocal microscopy. For functional studies, GBP5 was induced by interferon γ or silenced by siRNA or CRISPR/CAS9 technique, and inflammatory activities were evaluated at mRNA and protein levels. We found that the expression of GBP5 was elevated in colonic mucosa in two geographically and culturally distinct IBD cohorts. In colonic tissues of IBD patients, GBP5 expression was mainly confined to immune cells and the levels of GBP5 expression were correlated with those of the inflammatory cytokines and chemokines. In cultured T and macrophage cells, the expression of proinflammatory cytokines and chemokines was increased when GBP5 was induced, while GBP5 deficiency leads to decreased expression of proinflammatory mediators including gasdermin D, caspase 1, cytokines, and chemokines. We conclude that GBP5 is required in the expression of many proinflammatory cytokines and chemokines in intestinal immune cells. In addition, GBP5 may upregulate inflammatory reactions through an inflammasome-mediated mechanism. Since GBP5 plays a proinflammatory role at the early steps of the inflammatory cascades of IBD pathogenesis, and is implicated in IBD patients of distinct genetic and environmental backgrounds, targeting GBP5 could be an effective strategy for the management of IBD.

Keywords: Crohn’s disease, ulcerative colitis, inflammasome, pyroptosis, guanylate binding protein


INTRODUCTION

Inflammatory bowel diseases (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC), are chronic and relapsing inflammatory diseases mainly affecting the intestines. The pathogenesis of IBD is not known, but generally believed to be driven by abnormalities in genetics, environment, gut microbiota, and immunity (Seyed Tabib et al., 2020).

NLRP3 (NOD-like receptor family pyrin domain containing 3) inflammasome comprises the inflammasome sensor NLRP3, the adaptor protein ASC (apoptosis-associated speck-like protein containing a CARD domain), and the effector caspase 1. Activation of NLRP3 inflammasome leads to the production of active form of proinflammatory cytokines IL1β and IL-18. Different groups have reported that colonic mucosa of IBD patients exhibited higher levels of caspase 1 (McAlindon et al., 1998), IL1β (Mahida et al., 1989; Ligumsky et al., 1990; Reinecker et al., 1993; McAlindon et al., 1998), and IL-18 (Kanai et al., 2000), demonstrating an association of elevated NLRP3 inflammasome activity with IBD. Animal studies provided a chain of evidence in support of a key role for NLRP3 inflammasome in colitis. NLRP3 gene knockout mice are protected from dextran sodium sulfate (DSS) (Bauer et al., 2010) or 2,4,6-trinitrobenzene sulfonic acid (TNBS) (Bauer et al., 2012) induced colitis compared to wild-type animals. Similar protection was also observed with pharmacological inhibition of caspase 1 with pralnacasan (Bauer et al., 2010) or with caspase 1 knockout mice (Siegmund et al., 2001; Blazejewski et al., 2017). Along this line, inhibition of IL1β or its receptor suppressed experimental colitis (Seo et al., 2015; Neudecker et al., 2017). Importantly, IL-1 receptor blockade using anakinra resulted in a rapid and sustained improvement in patients with colitis (de Luca et al., 2014).

Further support for a causal role of NLRP3 inflammasome in IBD pathogenesis came from studies on CARD8, an inhibitor for NLRP3. Single-nucleotide polymorphism (SNP) studies found that a loss-of-function mutation in CARD8 is associated with IBD (Fisher et al., 2007; Yang et al., 2011). Without the inhibitory CARD8 activity, the unchecked NLRP3 inflammasome activity leads to elevated IL1β and consequently intestinal inflammation. Patients with CARD8 loss-of-function mutation specifically responded to IL1β blockers, but not to anti-TNFα (Mao et al., 2018), demonstrating the role of CARD8-NLRP3-IL1β axis in IBD.

Guanylate-binding protein 5 (GBP5), a member of the GBP family, is a GTPase highly inducible by interferon (Cheng et al., 1983). GBP5 has an emerging role in mediating cell autonomous defenses against intracellular pathogens including those of Francisella novicida (Meunier et al., 2015), Toxoplasma gondii (Matta et al., 2018), and HIV-1 (Krapp et al., 2016). Peripheral blood mononuclear cells (PBMCs) from children with decreased GBP5 expression were more susceptible to respiratory syncytial virus compared to adult (Li et al., 2020). Under pathological conditions, abnormal upregulated expression of GBP5 is caused by dysregulated immune responses, such as rheumatoid arthritis-affected synovial tissue (Haque et al., 2021) and some human malignancies including medullary carcinoma (Friedman et al., 2016), gastric adenocarcinomas (Patil et al., 2018), and glioblastoma (Yu et al., 2021). GBP5, but not other members of the GBP family, promotes the assembly of the NLRP3 inflammasome in response to live L. monocytogenes, S. Typhimurium, and soluble inflammasome priming agents, as demonstrated in GBP5 knockout mice and cell culture models (Shenoy et al., 2012; Santos et al., 2018). Consistent with its effect on inflammasome assembly, GBP5 was reported to stimulate NF-κB signaling, induce the expression of interferon (IFN) and other proinflammatory factors, and inhibit the replication of influenza A virus in a cell culture model (Feng et al., 2017). The dysregulation of the immune–microbiome axis is an important cause of IBD (Graham and Xavier, 2020). In the presence of microbial ligands, NLRP3 inflammasome is crucial for regulation of intestinal homeostasis (Tourkochristou et al., 2019). Therefore, we hypothesize that GBP5 plays a key role in IBD by regulating NLRP3 inflammasome activity. Here, we show that GBP5 is highly elevated in the colonic mucosa of IBD patients and that GBP5 is required in the stimulated secretion of proinflammatory mediators in cell culture models.



RESULTS


Elevated Guanylate-Binding Protein 5 Expression in the Colonic Mucosa of Inflammatory Bowel Diseases Patients

We first examined GBP5 mRNA expression in patients with IBD using a published transcriptome dataset generated with colonic biopsies from European patients. The demographic and clinical characteristics of these patients were described previously (Arijs et al., 2009). Elevated GBP5 expression was observed in both CD and UC patients compared to healthy controls, with fold changes of 8.6 and 8.1, respectively (Figure 1A). To confirm these findings, a validation cohort including healthy controls, CD, and UC patients from south China was enrolled (Supplementary Table 1) and GBP5 mRNA levels in colonic mucosa were evaluated by quantitative real-time PCR (qRT-PCR). Similarly, elevated GBP5 expression was observed in CD and UC patients compared to healthy controls, with fold changes of 13.1 and 3.8, respectively (Figure 1B).
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FIGURE 1. GBP5 is highly expressed in the inflamed intestinal tissue of IBD patients. (A) Messenger RNA expression of GBP5 in the colonic mucosa of healthy controls (n = 6), patients with Crohn’s disease (CD, n = 19), and ulcerative colitis (UC, n = 24). Data are from a microarray dataset generated from a European cohort. **P < 0.01, Dunn’s multiple comparison test. (B) Quantitative RT-PCR analysis of GBP5 mRNA in colonic mucosa from a Chinese cohort including healthy controls (n = 35), and patients with CD (n = 38) and UC (n = 17). ***P < 0.001, Dunn’s multiple comparison test. (C) Immunohistochemical staining of GBP5 in colonic mucosa from four representative patients with CD. Images of inflamed and non-inflamed sites from the same patient are compared side by side. Bar = 50 μm. (D) Quantitation of the GBP5 staining in the inflamed and non-inflamed sites in (C). **P < 0.01, paired Student’s t-test. (E,F) Spearman’s correlation analysis of the mucosal GBP5 expression levels and endoscopic severities. GBP5 expression levels are from quantitative RT-PCR results. SES-CD, simple endoscopic score for Crohn’s disease; UC-EIS, ulcerative colitis endoscopic index of severity.


To examine the GBP5 expression at protein level, inflamed and adjacent non-inflamed colonic tissues from the same CD patients who underwent colon resection were subjected to immunohistochemistry (IHC) staining. With all the samples examined, GBP5 staining was more intense in the inflamed tissue than in the non-inflamed tissue (Figures 1C,D). Interestingly, GBP5 positive cells were mostly found in the lamina propria, with a few exceptions located at the luminal or glandular epithelium (Figure 1C).

To understand the potential role of GBP5 in clinical outcome, correlation analysis between mucosal GBP5 expression and disease degree of IBD was performed. We used the simple endoscopic score for Crohn’s disease (SES-CD) and the ulcerative colitis endoscopic index of severity (UC-EIS) to evaluate the severity of CD and UC, respectively. The expression of GBP5 was positively correlated with SES-CD (Figure 1E, Spearman’s correlation coefficient = 0.416; P = 0.010), but not correlated with UC-EIS (Figure 1F, Spearman’s correlation coefficient = 0.106; P = 0.676).



Immune Cell-Specific Guanylate-Binding Protein 5 Expression in the Colon of Crohn’s Disease Patients

To better understand the tissue distribution of GBP5, IHC staining of GBP5 was examined at the entire depth of the inflamed and non-inflamed colonic tissues of CD patients who underwent colon resection. In the inflamed colon, GBP5 positive cells were densely populated in mucosa, mostly lamina propria (Figure 2AI). Besides, GBP5 positive cells were frequently observed in other layers of the colonic tissue including submucosa, circular muscle, longitudinal muscle, serosa, and mesentery (Figures 2AII–VI). Less GBP5 positive cells were observed in colonic layers of the non-inflamed tissue from the same patient (Figure 2B). It is noteworthy that GBP5 was not detected in muscle cell (Figures 2AIII,IV) or endothelial cell, but detected in the blood cells (Figure 2AVI). Another outstanding observation was the enrichment of GBP5 positive cells in Peyer’s patch (mucosa, Figure 2AVII) and lymph node (submucosa, Figure 2AVIII). The elevated expression of GBP5 across the colonic layers of CD patients is in line with the fact that CD is usually inflicted by transmural inflammation.
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FIGURE 2. Immune cell-specific GBP5 expression in patients with CD. (A) Immunohistochemical staining of a colonic biopsy section from a representative CD patient with an anti-GBP5 antibody: an inflamed area. The top image shows a panoramic view of the section. Bar = 2 mm. Details are shown for boxed areas representing different anatomic structures. I, mucosa; II, muscularis mucosa and submucosa; III, circular muscle; IV, longitudinal muscle; V, serosa; VI, mesentery, black arrow indicates a blood vessel; VII, Peyer’s patch in mucosa; VIII, lymph node in submucosa. Bar = 50μm. (B) Immunohistochemical staining of a colonic biopsy section from a representative CD patient with an anti-GBP5 antibody: a non-inflamed area. The top image shows a panoramic view of the section. Bar = 2 mm. Details are shown for boxed areas representing different anatomic structures. I, mucosa; II, lamina propria, muscularis mucosa and submucosa; III, a blood vessel in submucosae layer; IV, circular muscle and longitudinal muscle; V, serosa; VI, mesentery. Bar = 50μm. (C) Immunofluorescence staining of inflamed colon tissue from a representative CD patient with antibodies against GBP5, CD3, CD40, and CD68. White arrow indicates the overlap of GBP5 and CD68. Bar = 50 μm.


To determine the cellular distribution of GBP5, inflamed colon tissues from CD patients were subjected to immunofluorescence staining for GBP5 and immune cell marker proteins. Confocal microscopy showed that most of the CD3 positive cells, most of the CD40 positive cells, and the majority of CD68 positive cells expressed GBP5 (Figure 2C). CD3, CD40, and CD68 are marker proteins for T lymphocytes, antigen-presenting cells (dendritic cells, macrophages, and B cells) (Croft and Siegel, 2017), and macrophages, respectively. Thus, the above results demonstrated immune cell-specific expression of GBP5.



Transcriptome Analysis Reveals Association Between Guanylate-Binding Protein 5 and Inflammatory Reaction Pathways

To identify potential links between GBP5 and IBD pathogenesis, we performed hierarchical clustering of GBP5 with 102 available cytokine and chemokine genes with the transcriptome dataset generated from colonic mucosa of IBD patients (GSE16879) (Arijs et al., 2009). The clustering result showed that GBP5 shared a similar expression pattern with gene coding for proinflammatory cytokines and chemokines including IL1B and IL-6, and they were highly elevated in most of the CD and UC patients compared to the healthy controls (Figure 3A). Interestingly, the anti-inflammatory cytokine IL-10 exhibited a similar expression pattern as GBP5. The elevated IL-10 expression in IBD was observed previously and was thought to reflect a futile effort of patient immune system to control the excessive inflammatory reaction (Autschbach et al., 1998). Next, we performed Pearson’s correlation analyses between every two genes based on the transcriptome data (Figure 3B). With a threshold of correlation coefficient greater than 0.6, 486 genes were correlated with GBP5. In comparison, 226, 123, and 112 genes were correlated with GBP1, GBP2, and GBP4, respectively. Apparently, at the transcription level, GBP5 had the largest impact on IBD among all GBP family genes. We then performed Gene Ontology (GO) enrichment analysis with all 486 genes correlated with GBP5. The top “biological process,” “cellular compartment,” and “molecular function” are listed in Figure 3C. The top “biological process,” including “leukocyte migration,” “response to molecule of bacterial origin,” “response to lipopolysaccharide,” and “cellular response to molecule of bacterial origin,” is related to inflammatory responses to bacterial infection. In addition, the top “cellular compartment” and the top “molecular function,” such as “collagen-containing extracellular matrix” and “extracellular matrix structural constituent,” are closely related to lymphocyte migration and infiltration. These results are consistent with previous reports that GBP5 plays a critical role in host defense against bacterial pathogens (Meunier et al., 2014; Pilla et al., 2014).
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FIGURE 3. GBP5 is implicated in inflammatory processes in IBD according to transcriptome analysis. (A) Heatmap for mRNA expression levels of GBP5 (arrow), available cytokines, and chemokines based on transcriptome data generated from colonic mucosal biopsies of healthy controls (n = 6), patients with Crohn’s disease (CD, n = 19), and ulcerative colitis (UC, n = 24). Unsupervised hierarchical clustering of GBP5, cytokine, and chemokine genes was performed. Genes in the red box are more closely clustered with GBP5. (B) Venn plot of the number of genes associated with GBP1, GBP2, GBP4, and GBP5, based on their mRNA expression levels. Associations with Pearson’s correlation coefficient no less than 0.6 are counted. (C) Gene Ontology (GO) analysis of GBP5 associated genes. The cutoff value for the input gene list is Pearson’s correlation coefficient no less than 0.6. BP, biological process; CC, cellular compartment; MF, molecular function. All samples from GSE16879 are included (n = 90).




Guanylate-Binding Protein 5 Deficiency Downregulates Proinflammatory Chemokines and Cytokines in Cultured Cells

For further understanding of the association between GBP5 and inflammatory processes, we performed GBP5 siRNA knockdown in Jurkat cells to determine the impact of GBP5 on chemokine and cytokine secretion. Diminished GBP5 expression in Western blot analysis indicated efficient knockdown of GBP5 gene in Jurkat cells (Supplementary Figure 1A). The cell culture supernatants were then subjected to Luminex chemokine and cytokine assay. Compared to cells treated with control RNA, upon stimulation with IFNγ and lipopolysaccharide (LPS), GBP5 siRNA-treated cells exhibited decreased levels of CCL2, CCL8, CCL13, CCL25, CXCL10, CXCL11, CXCL12, CXCL16, CX3CL1, IL-1β, IL-10, and MIF in the cell culture supernatant (Supplementary Figure 1B). In addition, CCL19, CCL20, CCL22, CXCL2, and CXCL13 were not detected in the supernatant after GBP5 knockdown, but detected in the supernatant of the cells treated with control RNA (Supplementary Figure 1B). GBP5 knockdown also caused a trend of decreased levels in some proinflammatory chemokines and cytokines, including CCL1, CCL11, CCL15, CCL21, CCL26, CCL27, CXCL1, CXCL5, IL-16, and TNF-α, but statistical significance was not achieved (Supplementary Figure 1B). CCL7, CCL17, CCL23, CXCL6, CXCL9, GM-CSF, IL-2, IL-4, and IL-6 were not detected in any of the samples (Supplementary Figure 1B).

For a precise evaluation of GBP5 impact on chemokine and cytokine secretion, GBP5 gene was removed from THP-1 cell by CRISPR/CAS9 method and confirmed by Western blot showing no GBP5 expression in GBP5–/– THP-1 cells (Figure 4A). Global mRNA expression of the GBP5–/– THP-1 cells was assessed by RNA sequencing. As expected, GBP5 mRNA was reduced in GBP5–/– THP-1 cells compared to the wild-type controls, with or without induction by IFNγ plus LPS (Figures 4B,C). Surprisingly, GBP5 deficiency greatly reduced the mRNA expressions of many inflammation and immune related genes, including (1) IFNγ response genes such as AIM2, CASP1, GSDMD, and IL1B, and (2) IFNγ non-response genes such as NLRP3, CASP4, CASP5, and IL-18 (Figure 4B).
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FIGURE 4. GBP5 knockout downregulated the expression of proinflammatory mediator genes in THP-1 cells. The transcriptomes of wild-type and GBP5–/– THP-1 cells, with or without stimulation [IFNγ and lipopolysaccharide (LPS)], respectively, were analyzed by RNAseq technique. N = 3 for each treatment group. (A) Generation of GBP5 knockout (GBP5–/–). THP-1 cell line by CRISPR/Cas9-mediated genome editing. The two CRISPR target sites are highlighted in red. Loss of GBP5 was confirmed by Western blot. WT, wild-type control. (B) Messenger RNA expression of GBP5 and related genes in wild-type and GBP5–/– THP-1 cells (clone B2), with or without stimulation (IFNγ and LPS), respectively. FPKM, fragments per kilobase million. ***P < 0.001; ****P < 0.0001; unpaired Student’s t-test. (C) Differential gene expression between wild-type and GBP5–/– THP-1 cells: volcano plot. Vertical and horizontal dashed lines indicate the cutoff values for differentially expressed genes:| Log2 (Fold Change)| > 1 and p.adjust < 0.05. (D) GO (Gene Ontology) analysis of downregulated genes in GBP5 knockout cells. The cutoff values for selecting differentially expressed genes for the input gene list: Log2(Fold Change) < -2, and p. adjust < 0.05. BP, biological process; CC, cellular compartment; MF, molecular function. (E) Gene set enrichment analysis (GSEA) of GBP5–/– THP-1 cells (clone B2) transcriptome compared to wild-type THP-1 cells. Upper panel: the enrichment score curves of the top KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways exhibiting decreased expression in GBP5–/– THP-1 cells: immune related pathways. Middle panel: distribution of the genes related to the pathways indicated in the upper panel. The genes were ranked according to their differential expression between wild-type and GBP5–/– THP-1 cells. Genes of higher rank (left) exhibit relatively higher expression in wild-type THP-1 cells. Lower panel: Graphical representation of the correlations of the gene expression levels with the phenotypes: wild-type or GBP5 knockout. Genes on the right are more negatively correlated with GBP5 deficiency.


Comparing the GBP5–/– with wild-type THP-1 cells, many differentially expressed genes, including 2,298 genes upregulated and 2,813 genes downregulated in GBP5–/– cells, were identified (Figure 4C). The mRNA expression for most proinflammatory cytokines and chemokines was reduced or undetected in GBP5–/– cells (Supplementary Figure 2). We then performed GO enrichment analysis with the list of genes downregulated in GBP5–/– cells. The identified top “biological process,” “cellular compartment,” and “molecular function” are related to inflammatory signaling, immune cell migration, neutrophil activation, secretion of cytokines and chemokines, and other immune and inflammatory events (Figure 4D).

Using a different approach for functional analysis, gene set enrichment analysis (GSEA) identified a similarly broad suppression of immune and inflammatory functions in GBP5–/– THP-1 cells, including antigen processing, chemokine signaling, cytokine signaling, leukocyte migration, and NK cell cytotoxicity (Figure 4E). Compared to GO enrichment analysis that uses partial information of the biological pathways (in our case, the downregulated genes), GSEA considers all available information of relevant genes for functional analysis. Thus, both methods identified immune and inflammatory pathways as downregulated pathways in GBP5–/– THP-1 cells.

Next, we examined the altered immune and inflammatory pathways at protein level. Compared to the wild-type controls, THP-1 cells with GBP5 deficiency exhibited decreased levels of CCL2, CCL8, CCL13, CCL21, CCL25, CCL26, CXCL5, CXCL11, CXCL12, CX3CL1, IL1β, IL-10, and IL-16 in the cell culture supernatant (Figure 5). In addition, CCL1, CCL3, CCL7, CCL11, CCL15, CCL19, CCL20, CCL22, CCL23, CCL24, CCL27, CXCL1, CXCL2, CXCL6, CXCL9, CXCL10, CXCL13, CXCL16, IL-2, IL-4, IL-6, CXCL8, TNF-α, and GM-CSF were not detected in the supernatant of GBP5 knockout cells, but detected in the WT controls (Figure 5). CCL17 was again not detected in any of the samples (Figure 5). Therefore, GBP5 deficiency led to decreased secretion for most of the inflammatory mediators analyzed.
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FIGURE 5. Decreased chemokine and cytokine secretion in GBP5 knockout THP-1 cells. The protein levels of chemokines and cytokines in the cell culture supernatant of wild-type (WT) and GBP5 knockout (KO) THP-1 cells are plotted. Cells were primed with IFNγ and LPS before sample collection. The concentrations of cytokines and chemokines were determined by Luminex liquid suspension chip. Data were normalized as (x-mean)/SD. Gray blocks indicate no detection. P-values were from Student’s t-tests.


Given the close relation among GBP5, inflammasomes, and IL1β, we examined the intracellular protein expression of some related molecules. Western blots showed that GBP5 deficiency greatly decreased the expression of gasdermin D, caspase 1, and pro-IL1β (Figure 6). Since the active form for gasdermin D or caspase 1 was not observed in any of the samples, the decreased production of IL1β is not likely due to impaired proteolytic activation by inflammasomes in GBP5 deficiency. Rather, the transcription and expression analyses indicate that the decreased IL1β production is part of the consequence of broad inhibition of inflammatory gene expression in GBP5 deficiency.
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FIGURE 6. Diminished expression of inflammasome related proteins in GBP5 knockout THP-1 cells was subjected to wild-type THP-1 cells, and GBP5 knockout THP-1 cell clones (A1, B1, and B2) were left untreated (NT), treated with IFNγ (25 ng/ml) only, or treated with IFNγ (25 ng/ml) plus LPS (500 ng/ml) for 16 h, before Western blot analysis with antibodies against GBP5, gasdermin D (GSDMD), caspase 1 (CASP1), pro-IL1β, and GAPDH, respectively.





DISCUSSION

Here, we show for the first time the elevated expression of GBP5 in colonic mucosa of patients with IBD and that GBP5 is required for the stimulated secretion of inflammatory cytokines and chemokines, including IL1β, from T lymphocytes and macrophages. In colonic tissues of IBD patients, the expression of GBP5 was mainly confined to immune cells and the levels of GBP5 expression were correlated with those of the inflammatory markers. Importantly, the expression of proinflammatory cytokines and chemokines was increased when GBP5 was induced, while GBP5 deficiency leads to decreased production of the proinflammatory mediators in T and macrophage cells. Thus, the specific role of GBP5 in IBD pathogenesis is to facilitate the stimulated production of inflammatory mediators in intestinal immune cells. Our observation of highly elevated GBP5 expression at the inflamed colonic mucosa in two geographically and culturally distinct IBD cohorts indicates that GBP5 plays a common and important role in the early steps of IBD pathogenesis and, therefore, is a potential therapeutic target for the management of IBD patients of various genetic and environmental backgrounds.

Our results suggest that GBP5 may promote inflammation through two mechanisms. First, gene knockout studies indicated that GBP5 is required for the stimulated expression of many inflammatory cytokines, such as IL1β, and is required for the expression of many IFNγ non-response cytokines, such as IL-18. Studies at both mRNA and protein levels indicated that GBP5 had a large impact on the expression of these proinflammatory cytokines and chemokines. Once IL1β is induced, in turn, IL1β may stimulate the production of other proinflammatory cytokines and chemokines including IL-6, IL8, CCL2, CCL5, CXCL1, CXCL2, CXCL3, CXCL6, and IFNγ (Cooper et al., 2001; Hengartner et al., 2015). The outstanding knowledge gap is how the cytoplasmic inflammasome interacting GBP5 regulates gene expression? Second, since GBP5 promotes NLRP3 inflammasome activity (Shenoy et al., 2012), and NLRP3 inflammasome is required for the excessive inflammatory reactions in IBD (reviewed in Yuan et al., 2018), it is expected that NLRP3 inflammasome may mediate the proinflammatory effect of GBP5. This is supported by our observation that the expression of caspase 1, gasdermin D, and IL1β was elevated when GBP5 is induced and was reduced when GBP5 was downregulated by siRNA or gene knockout. The puzzle here is the observation that the active forms of caspase 1 and gasdermin D were not observed in IFNγ primed THP-1 cells. For both mechanisms, future efforts are needed to unravel the puzzles and to join the knowledge gaps.

One major challenge for the interpretation of our data came from a few studies that reported protective role for NLRP3 inflammasome in mouse models of colitis, that is, mice lacking NLRP3, ASC, or caspase 1 were more susceptible for colitis in DSS and azoxymethane (AOM) models (Allen et al., 2010; Dupaul-Chicoine et al., 2010; Zaki et al., 2010a,b; Hirota et al., 2011). The discrepancies regarding the role of NLRP3 inflammasome in colitis may be explained by environmental factors including microbiota (Bauer et al., 2012) and diet (Youm et al., 2015). In addition, Zaki et al. (2010a) argued that the protective role of NLRP3 inflammasome is due to its beneficial effect on epithelial barrier function via induction of IL-18 in epithelial cells. However, this argument does not reconcile with the facts that little NLRP3 inflammasome activity presents in the intestinal epithelial cells and that IL-18 production by these cells is independent of NLRP3 inflammasome (Yao et al., 2017).

Besides the conventional NLRP3 inflammasome-mediated mechanism, a caspase-11-dependent pathway may relay the inflammatory signal from GBP5. Mice and cell culture studies suggested that, upon detection of cytoplasmic LPS, GBP proteins encoded on mouse chromosome 3 activate caspase-11-dependent cell autonomous immune responses (Pilla et al., 2014). This is consistent with current knowledge that structural and functional alterations in the gut microbiota, especially in gram-negative bacteria (Palmela et al., 2018), and their cell wall component LPS (Caradonna et al., 2000), are implicated in the pathogenesis of IBD. In support of a causal role for bacteria and LPS in IBD, we identified the following pathways as the top features of the GBP5 associated colonic mucosal transcriptome in IBD: “response to molecule of bacterial origin,” “response to lipopolysaccharide,” and “cellular response to molecule of bacterial origin.” On the contrary, it is noteworthy that virus infection is implicated in IBD pathogenesis (Yang et al., 2019), and GBP5 has been identified as an IFN-induced virus restriction factor that interferes with virus assembly (Krapp et al., 2016), or through induction of innate immune mediators (Feng et al., 2017). Further study is required to clarify potential collaborative roles of caspase-11 and GBP5 in IBD pathogenesis, and whether viral or bacterial infection triggers elevated GBP5 expression in the intestines of IBD.

The limitations of our study include lack of in vivo study and small sample size. Therefore, further experimentations have been planned to validate our findings. In addition, other interesting questions emerged from our study. For example, GBP5 seemed to play a more important role in CD than in UC. With the prospective cohort enrolled in our hospital, the expression level of GBP5 was more elevated in CD than in UC. Consistently, the expression levels of GBP5 were correlated with the disease severities of CD, but not that of UC. However, the differential expression of GBP5 was not observed with treatment-naive patients with IBD (Figure 1A). Therefore, the differential expression of GBP5 in CD and UC may be a consequence of different treatments.

In summary, GBP5 is highly expressed in the colonic immune cells of IBD patients. Induction of GBP5 is required for the stimulated production of proinflammatory cytokines and chemokines, while GBP5 deficiency decreases the expression of the proinflammatory mediators. Since GBP5 plays a proinflammatory role at the early steps of the inflammatory cascades of IBD pathogenesis, and is implicated in IBD patients of distinct genetic and environmental backgrounds, targeting GBP5 could be an effective strategy for the management of IBD.



MATERIALS AND METHODS


Human Samples

Colonic pinch biopsies were obtained from patients with IBD at the Sixth Affiliated Hospital of Sun Yat-sen University, Guangzhou, China. Healthy control colonic biopsy samples were from patients suspected of intestinal diseases but diagnosed normal according to biopsy. The simple endoscopic score for Crohn’s disease (SES-CD) and the ulcerative colitis endoscopic index of severity (UC-EIS) were used to evaluate the endoscopic severity of CD and UC, respectively, by endoscopist as previously described (Daperno et al., 2004; Travis et al., 2013). Colon resections were obtained from patients with IBD who underwent colectomy. Non-inflamed control specimens were obtained 5 cm away from the inflamed lesion. Written informed consents were obtained from all donors. This study was approved by the Institutional Review Board of the Sixth Affiliated Hospital of Sun Yat-sen University.



RNA Extraction, Complementary DNA Synthesis, and Quantitative Real-Time PCR

Total RNA from cultured cells was isolated using TRIzol (Invitrogen, United States). For RNA isolation from clinical samples, colonic tissues were disrupted with lysis beads (Luka, China) before RNA isolation with AllPrep® DNA/RNA Micro Kits (Qiagen, United States). Using total RNA as template, Complementary DNA (cDNA) was synthesized with Fast Reverse Transcription kits (ES Science, China). For the gene expression analysis, qRT-PCR was performed with FastStart Essential DNA Green Master (Roche, United Kingdom) on LightCycler® 96 (Roche, United Kingdom). The gene expression levels were normalized with β-actin gene as the reference gene according to the 2–ΔΔCT method. The sequences of the qRT-PCR primers are as follows: GBP5, forward: 5′-CCTGATGATGAGCTAGAGCCTG-3′, and reverse: 5′-GCACCAGGTTCTTTAGACGAGA; β-actin, forward: 5′-TT GTTACAGGAAGTCCCTTGCC-3′, and reverse: 5′-ATGCT ATCACCTCCCCTGTGTG-3′.



Transcriptome Analysis

Global transcriptome analysis of the colonic tissue from IBD patients used the published microarray dataset generated from the colonic mucosa of IBD patients and healthy controls (GSE16879)1 (Arijs et al., 2009). Data were normalized by MAS5 method before further analysis. Unsupervised hierarchical clustering and Gene Ontology (GO) enrichment were performed with R (3.6.3).

For transcriptome analysis of the wild-type and GBP5 knockout THP-1 cells, total RNA from parental THP-1 cells and GBP5 knockout THP-1 clone B2, with and without stimulation (IFNγ and LPS) for 16 h, respectively, was isolated as described above. The RNA preparation was qualified with an Agilent 2100 Bioanalyzer (Thermo Fisher Scientific, United States). Oligo (dT)-attached magnetic beads were used to purify mRNA, which served as templates for cDNA synthesis. Libraries were constructed with the cDNA preparations at BGI-Shenzhen, China, amplified with phi29 to make DNA nanoball (DNB) which had more than 300 copies of one molecular, and sequenced on a BGIseq500 platform (BGI-Shenzhen, China). The sequencing data were filtered with SOAPnuke (v1.5.2) to remove sequences of adapters, to remove reads with low-quality base percentage (base quality less than or equal to 5) higher than 20%, and to remove reads whose unknown base (“N” base) percentage is higher than 5%. The clean reads were mapped to the reference genome using HISAT2 (v2.0.4). After that, EricScript (v0.5.5) and rMATS (V3.2.5) were used to identify fusion genes and differentially spliced genes (DSGs), respectively. Bowtie2 (v2.2.5) was applied to align the clean reads to a human mRNA database built by BGI (Shenzhen, China), and the expression level of gene was calculated by RSEM (v1.2.12). The heatmap was drawn by pheatmap (v1.0.8) according to the gene expression levels. Differential expression analysis was performed using the DESeq2 (v1.4.5) with Q-value ≤ 0.05. GO2 and KEGG3 enrichment analysis of differentially expressed genes was performed by phyper4 based on Hypergeometric test. The statistical significance for multiple tests was adjusted by Bonferroni method. Transcriptome data for wild-type and GBP5 knockout THP-1 cells are available at https://www.biosino.org/node/, accession ID: OEP002938.



Immunohistochemistry

Formalin-fixed paraffin-embedded intestine tissues from inflamed and non-inflamed sites of IBD patients were sectioned and collected onto glass slides. Antigen retrieval was performed in 10 mM sodium citrate (pH6.0) at 100°C for 15 min. GBP5 was stained with PV-6000 immunohistochemistry (IHC) kit (ZSGB-BIO, China) according to the protocol of the manufacturer, with the GBP5 antibody (Catalog #: 67798) from Cell Signaling (United States). The images were collected with Slide Scanning System SQS-1000 (TEKSQRAY, China). Quantitation of the GBP5 signals was performed with ImageJ with IHC-Toolbox plugins.



Immunofluorescence

The tissue section was prepared as in IHC method. Primary antibodies include anti-GBP5 (Cat. #: 67798, Cell Signaling, United States), anti-CD3 (Cat. #: 60181-1-Ig, Proteintech, China), anti-CD40 (Cat. #: ab280207, Abcam, United States), and anti-CD68 (Cat. #: ARG10514, Arigo, China). Secondary antibodies include Alexa Fluor647 or 488 conjugated goat anti-rabbit or goat anti-mouse antibodies (Invitrogen, United States). Cell nuclei were stained with 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI, Sigma-Aldrich, United States). Slides were visualized with a TCS-SP8 confocal microscope (Leica, Germany).



Cell Culture and Gene Knockdown With siRNA

Human cell lines Jurkat, THP-1, and 293T cells were purchased from American Type Culture Collection (ATCC, United States). Cells were cultured in RPMI 1640 medium (Gibco, United States) supplemented with 10% fetal bovine serum (Gibco, United States) maintained at 37°C and 5% CO2. To knockdown GBP5 in Jurkat cells, a pool of two different siRNAs (1, 5′-GCCATAATCTCTTCATTCA-3′; and 2, 5′-GCTCGGCTTTACTTAAGGA-3′) were used. Scrambled sequence of the siRNA was used as control. RNA was synthesized at Ribo-Bio (China) and provided lyophilized. RNA was reconstituted with nuclease-free water to reach a final concentration of 20μM, before transfection using Lipofectamine RNAiMAX (Life technologies, United States) following the manufacturer’s instructions. At 48 h post-transfection, cells were stimulated with human interferon γ (IFNγ, 25μg/ml, Novoprotein, China) and lipopolysaccharides from Escherichia coli O55:B5 (LPS, 500 ng/ml, Sigma-Aldrich, United States) for 16 h before harvest.



Western Blot

Cells were lysed in RIPA (Radio-Immunoprecipitation Assay) buffer (P0013B, Beyotime, China) supplemented with protease inhibitors (Cat. #: HY-K0011, MedChemExpress, China) and phosphatase inhibitors (Cat. #: HY-K0021 and HY-K0022, MedChemExpress, China). Lysates were mixed with loading buffer containing SDS and DTT and heated at 95°C for 5 min. Proteins of interest were probed with the following antibodies: anti-GBP5 antibody as described above, anti-GSDMD (Cat. #: 97558, Cell Signaling, United States), anti-caspase 1 (Cat. #: 3866, Cell Signaling, United States), anti-pro-IL1β (Cat. #: 12703, Cell Signaling, United States), and anti-GAPDH (Cat. #: 60004-1-Ig, Proteintech, China). HRP-conjugated secondary antibodies, anti-rabbit IgG and anti-mouse IgG, were from Proteintech, China.



Guanylate-Binding Protein 5 Knockout Cell Line

Two all-in-one sgRNA plasmids (HCP260159-CG04-3-10-a and HCP260159-CG04-3-10-b) for human GBP5 were purchased from GeneCopoeia (China). In addition to DNA elements required for the generation of recombinant lentivirus, these plasmids carry Cas9 sequence and one of the following sgRNAs targeting the exon 3 of GBP5: gRNA1, 5′-AGTTCTCGATGAGGCACATG-3′; gRNA2, 5′-CATTACGCAACCTGTAGTTG-3′. Recombinant lentivirus was produced by transfecting 293T cells with the two sgRNA plasmids together with lentiviral packaging plasmids psPAX2 and pMD2. GBP5 knockout THP-1 cells were generated by infecting THP-1 cells with the recombinant lentiviruses followed by G418 selection. After obtaining single-cell colonies from limiting dilution, three THP-1 clones (A1, B1, and B2) harboring all-allelic deletion of the 80-bp in exon 3 of GBP5 locus were identified by PCR and validated by DNA sequencing of the PCR products. The primers used for PCR screening are as follows: forward, 5′- AGTAGTATGTCCCCAGGTTC-3′, and reverse, 5′- AAGACCAGCTGTAGCCTAAA -3′.



Luminex-Based Assays

The cell culture supernatant was collected after IFNγ + LPS stimulation. Multiple cytokines and chemokines were examined with Luminex liquid suspension chip at Wayen Biotechnologies Shanghai, Inc. (China). The Bio-Plex Pro Human Chemokine Panel 40-Plex kit (Cat. #: 171AK99MR2, Bio-Rad, United States) was used following the manufacturer’s instructions.



Statistical Analysis

Data were analyzed by either one-way ANOVA and Dunn’s test or two-tailed Student’s t-test using GraphPad Prism (v7.0). Data are represented as the mean ± s.e.m (standard error of the mean). All in vitro experiments were performed in triplicate. Correlation analyses were evaluated by Spearman. The number of independent samples and statistical methods used in each experiment is reported in the figure legends. P < 0.05 was considered to be statistically significant.
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Toll-like receptors (TLRs) are key sensors that recognize the pathogen-associated molecular patterns (PAMPs) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) to activate innate immune response to clear the invading virus. However, dysregulated immune responses may elicit the overproduction of proinflammatory cytokines and chemokines, resulting in the enhancement of immune-mediated pathology. Therefore, a proper understanding of the interaction between SARS-CoV-2 and TLR-induced immune responses is very important for the development of effective preventive and therapeutic strategies. In this review, we discuss the recognition of SARS-CoV-2 components by TLRs and the downstream signaling pathways that are activated, as well as the dual role of TLRs in regulating antiviral effects and excessive inflammatory responses in patients with coronavirus disease 2019 (COVID-19). In addition, this article describes recent progress in the development of TLR immunomodulators including the agonists and antagonists, as vaccine adjuvants or agents used to treat hyperinflammatory responses during SARS-CoV-2 infection.

Keywords: SARS-CoV-2, COVID-19, innate immune response, Toll-like receptor, immunomodulator


INTRODUCTION

Toll-like receptors (TLRs) are members of the pattern recognition receptor (PRR) family, and they play pivotal roles in the activation of innate immune responses and the regulation of cytokine expression (Hedayat et al., 2011; Birra et al., 2020; Debnath et al., 2020). TLRs perform their functions by recognizing distinguishing molecules of invading pathogens, called pathogen-associated molecular patterns (PAMPs), and then initiate innate immune responses via several distinct signaling pathways, thereby limiting infection and promoting adaptive immune responses (Kawai and Akira, 2011). Generally, myeloid differentiation primary response 88 (MyD88) and Toll-IL-1R (TIR)-domain containing adaptor-inducing interferon-β (TRIF) are the two main pathways by which TLRs transduce signals after activation (Kim et al., 2018).

The innate immune system acts as the first line of defense against invading pathogens, including the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 is the causative viral pathogen of the coronavirus disease 2019 (COVID-19), and the COVID-19 pandemic began in March 2020 (Tabary et al., 2020). The characteristics of COVID-19 are extremely variable, and the disease ranges from an asymptomatic form lasting for a few days or mild to severe forms of interstitial pneumonia which requires ventilation therapy and can lead to death (Khan et al., 2020). TLRs recognize SARS-CoV-2-derived molecules and activate innate immune responses. Many studies have shown that SARS-CoV-2 activates the innate immune system via TLRs, and mediates the upregulation of TLR expression, which contribute to the elimination of the virus (Aboudounya and Heads, 2021; Bortolotti et al., 2021; Sariol and Perlman, 2021). However, TLR activation may act as a double-edged sword, and dysregulated TLR responses may lead to persistent inflammation and tissue destruction (Yokota et al., 2010; Ebermeyer et al., 2021). For instance, the severity of COVID-19 is associated with cytokine storms in patients which could be produced by overactivation of TLR pathways (Tang et al., 2020; Manik and Singh, 2021). Therefore, a better understanding of the relationship between TLRs and SARS-CoV-2 is critical for understanding the immunopathogenesis involved in COVID-19 and for the preventive and therapeutic application of TLR immunomodulators to combat the disease. In this review, we provide an overview of our recent understanding of the roles of TLRs in SARS-CoV-2-induced immune responses, and we discuss the potential prophylactic and/or therapeutic value of TLR agonists or antagonists in COVID-19 patients.



STRUCTURE AND CLASSIFICATION OF TOLL-LIKE RECEPTORS

All TLRs are type I transmembrane proteins that consist of a leucine-rich repeat (LRR) module, a transmembrane region, and a TIR domain. The LRR motif includes 19–25 tandem sequences containing leucine and is responsible for the recognition of PAMPs, while the TIR endodomain functions to initiate intracellular signaling events via downstream adaptors. According to the composition of their subunits, TLRs operate as heterodimers or homodimers. The classification and expression of TLRs differs between species. Thirteen TLRs have been discovered in mice. However, TLR11 has no function, and the TLR12 and TLR13 genes are absent in the human genome. Generally, the TLR family can be divided into two subgroups based on their localization: cell surface TLRs and intracellular TLRs (Kawasaki and Kawai, 2014). Cell surface TLRs reside on the cell membrane and mainly contain TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10, while intracellular TLRs include TLR3, TLR7, TLR8, TLR9, TLR11, TLR12, and TLR13 (Table 1). Intracellular TLRs localize to intracellular compartments, such as the endosomes, endoplasmic reticulum, and lysosomes.


TABLE 1. Human and murine TLR classification and their natural ligands.
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Cell surface TLRs mainly recognize microbial membrane components such as lipoproteins, lipids, and proteins. TLR2 forms heterodimers with either TLR1 or TLR6. It recognizes a wide variety of PAMPs including lipoproteins, lipopeptides, peptidoglycans, and zymosan (Yu and Feng, 2018). TLR4 is mainly expressed on cells of the immune system, including macrophages, monocytes, and dendritic cells (DCs). TLR4 recognizes bacterial lipopolysaccharide (LPS) and its activation leads to the synthesis of proinflammatory cytokines and chemokines (Vaure and Liu, 2014). TLR5 is known to specifically sense and recognize bacterial flagellins (Yang and Yan, 2017). The ligands of TLR10 remain unclear but it is believed that human TLR10 collaborates with TLR2 to recognize ligands from Listeria and senses influenza A virus during infection; however, TLR10 has no function in mice due to an insertion of a stop codon (Kawasaki and Kawai, 2014).

Intracellular TLRs can recognize nucleic acids derived from foreign pathogens and self-derived nucleic acids in the context of some autoimmune diseases (Schlee and Hartmann, 2016). TLR3 is widely distributed in various epithelial cells, fibroblasts, nerve cells and immune cells. TLR3 mainly recognizes viral double-stranded RNA (dsRNA), self-RNAs derived from damaged cells and the replication intermediates generated during the life cycle of single-stranded RNA (ssRNA) viruses and DNA viruses (Turton et al., 2020). TLR7 is localized to endosomes and is mainly expressed by B cells, monocytes and plasmacytoid DCs (pDCs), while TLR8 expression is closely associated with conventional DCs (cDCs). TLR7/8 can recognize ssRNA and activate MyD88-dependent pathways, which lead to the subsequent production of type I interferons (IFNs) and inflammatory cytokines (Kawai and Akira, 2011; Jung and Lee, 2021). TLR9 recognizes unmethylated CpG-DNA motifs which are frequently presented in viral and bacterial DNA, and activates the innate immune response to eliminate these pathogens. In addition, TLR9 also binds to the DNA sequences that contain cytosine in the second position from the 5′ end (5′-xCx DNA), which cooperatively promotes dimerization and activation of TLR9 in the presence of CpG DNA (Ohto et al., 2018). TLR11 is located to endolysosomes, and TLR12 is predominantly expressed in myeloid cells. These TLRs function in recognizing profilin from the parasites (Lester and Li, 2014). TLR13, the orphan receptor in mice, was found to recognize a conserved 23S ribosomal RNA (rRNA) sequence in bacteria (Wang et al., 2016).



TOLL-LIKE RECEPTOR RECOGNITION OF SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS 2 COMPONENTS


Structure of Severe Acute Respiratory Syndrome Coronavirus 2

Viral proteins and nucleic acids can serve as PAMPs, which are sensed by TLRs to induce the production of antiviral and inflammatory cytokines. Thus, it is quite necessary to understand the nucleic acid composition and protein structure of SARS-CoV-2. Similar to other coronaviruses, SARS-CoV-2 is a positive-sense single-stranded RNA (+ssRNA) virus and its genome is approximately 29.9 kb in size; this genome mainly encodes four major structural proteins, including the spike (S), nucleocapsid (N), membrane (M), and envelope (E) proteins. The S protein consists of the receptor binding subunit S1 and the membrane fusing subunit S2. S1 includes a N-terminal domain (NTD), receptor-binding domain (RBD), subdomain 1 (SD1) and subdomain 2 (SD2). S2 includes a fusion peptide (FP), heptad repeat 1 (HR1), heptad repeat 2 (HR2), and transmembrane (TM). The rest of the genome includes two major open reading frames (ORFs)-ORF1a and ORF1b, which can be translated to pp1a and pp1b polypeptides, and then cleaved to form 16 non-structural proteins (Zhang et al., 2021).



Toll-Like Receptors Recognize Viral Proteins and RNA of Severe Acute Respiratory Syndrome Coronavirus 2

When an infection occurs, viruses enter the body and adhere to cell surfaces. Cell surface TLRs are most likely to be involved in recognizing molecular patterns from SARS-CoV-2 to induce immune responses. The S protein is a major structural protein and is essential for the interaction of SARS-CoV-2 with host cell receptors. In addition to its direct binding to angiotensin-converting enzyme II (ACE2), the S protein is a potent viral PAMP that is sensed by TLR2 in macrophages, monocytes, and lung epithelial cells. Then TLR2 forms heterodimers with TLR1 or TLR6, promoting formation of a complex containing MyD88 with IRAK kinase family members, activating nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK) signaling, and ultimately leading to the production of inflammatory cytokines and chemokines (Khan et al., 2021). SARS-CoV-2 infection also increases the expression of TLR2 and other molecules, such as melanoma differentiation-associated gene 5 (MDA5), ACE2 and interferon regulatory factor 3 (IRF3) (Mohanty et al., 2021; Yang et al., 2022), and the expression of TLR2 is positively associated with the severity of COVID-19 (Zheng et al., 2021). In addition to the S protein, the immunogenic properties of other structural proteins have also been investigated. Recent reports have found that TLR2 binds to the SARS-CoV-2 E and N proteins, but only the SARS-CoV-2 N protein induces TLR2 activation, which was not observed with other coronavirus-derived N proteins (Qian et al., 2021; Zheng et al., 2021). TLR4 is well known to recognize bacterial LPS. Actually, TLR4 was found to exhibit a very strong ability to bind to the S protein of SARS-CoV-2 by molecular docking studies (Choudhury and Mukherjee, 2020), and a surface plasmon resonance (SPR) assay confirmed that trimeric SARS-CoV-2 S protein, which is presented on the surface of viral particles, directly binds to TLR4 with a high affinity of ∼300 nM (Zhao et al., 2021). These findings suggest that TLR4 also plays a potential role in the recognition of SARS-CoV-2. This hypothesis has been supported by other evidence demonstrating that the S1 subunit of S protein elicits inflammatory responses in vitro and signals through TLR4. The direct exposure of microglia, macrophages, or TLR4 signaling transgenic HEK293 cells to S1 could activate the MyD88-dependent pathway, resulting in the upregulated expression of proinflammatory cytokines (Shirato and Kizaki, 2021; Frank et al., 2022). Moreover, the responses induced by S1 could be blocked by the TLR4-specific inhibitor Resatorvid or TLR4 siRNA (Shirato and Kizaki, 2021; Zhao et al., 2021). Taken together, these findings suggested that the TLR2 and TLR4 can sense SARS-CoV-2 structural proteins, and they may function independently to induce inflammatory processes (Figure 1).
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FIGURE 1. Toll-like receptor-mediated antiviral and inflammatory responses during SARS-CoV-2 infection. TLR1/2/6 and 4 localize to cell membrane, and TLR3, TLR7/8, and 9 localize to endosome surface. The viral proteins of SARS-CoV-2 signal through TLR2 and TLR4 to activate the adaptor MyD88, which subsequently signals via NF-κB and MAPK to promote the expression of proinflammatory cytokines. TLR4 also recruits the adapter protein TRIF, which activates the TRAF3, resulting the IRF3 activation to lead the production of type I and III IFN. The ssRNA or dsRNA replication intermediates of SARS-CoV-2 are recognized by TLR3 and TLR7/8, respectively. The TLR7/8 recruit MyD88, and TLR3 via TRIF molecule. The proinflammatory cytokines induced by DAMPs accumulating during SARS-CoV-2 infection are driven by the transcription factor NF-κB. MAL, MyD88 adapter-like; TRAF, tumor necrosis factor receptor-associated factor; TRIF, TIR-domain-containing adapter-inducing interferon-β; TRAM, TRIF-related adaptor molecule; IRAK1/4, interleukin-1 receptor associated kinase 1/4; TAK1, transforming growth factor β-activated kinase 1; TAB, TAK1-binding proteins; IKK, IkB kinase; TBK1, TANK-binding kinase 1; ERK1/2, extracellular signal-regulated kinases 1/2; JNK, c-Jun N-terminal kinase; AP-1, activating protein-1.


When the SARS-CoV-2 binds to a host cell receptor such as ACE2, it fuses to the host cell membrane and releases its contents into the cell. Viral ssRNA and its replication intermediate dsRNA, are likely to be initially detected by host cells via TLR7/8 and TLR3 in endosomes. Previous studies showed that SARS-CoV-2 infection of Calu-3/MRC-5 multicellular spheroids induced the activation of both the TLR3 and TLR7/8 RNA sensor pathways (Bortolotti et al., 2021). Subsequently, TLR7/8 signaling engages the IRF-7 and MyD88-NF-κB signaling pathways, leading to the increased production of type I IFNs and proinflammatory cytokines (Jung and Lee, 2021). In particular, TLR3 signaling relies on the TRIF adaptor protein but not the MyD88 adaptor protein. TRIF interacts with TRAF6 and TRAF3, leading to the activation of IRF3, which results in the release of IFN-α and IFN-β (Kawasaki and Kawai, 2014; Figure 1).




TOLL-LIKE RECEPTOR-MEDIATED ANTIVIRAL AND INFLAMMATORY RESPONSES AGAINST SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS 2: A DOUBLE-EDGED SWORD

It is well-known that TLR signaling plays a key role in host defense against many pathogens including SARS-CoV-2. However, TLR activation can act as a double-edged sword, and it may activate immune-mediated pathogenesis instead of inducing an immune response that defends against pathogens.


Toll-Like Receptor Signaling as an Antiviral Mechanism During Severe Acute Respiratory Syndrome Coronavirus 2 Infection

The IFN signaling cascade induced by TLR activation is crucial for controlling SARS-CoV-2 infection. As mentioned above, during SARS-CoV-2 infection, the expression of TLRs, such as TLR3 and TLR7, is elevated (Jung and Lee, 2021), and activated TLR3, TLR4 and TLR7/8 can interact with the signaling adaptor TRIF, inducing the phosphorylation and translocation of IRF3 and IRF7 and the transcription of type I and III IFN genes. Mice lacking the TLR3 gene are prone to SARS-CoV-2 infection and have increased mortality rates (Totura et al., 2015). Additionally, TLR copy numbers also play a role in the production of IFN; for example, the TLR7 and TLR8 genes are located on the X chromosome. Therefore, TLR7/8 copy numbers are higher in women than in men and their biallelic expression leads to the stronger activation of TLR7/8 and more production of type I IFN. These phenomena are correlated with higher resistance to SARS-CoV-2 infection and better prognosis in women (Viveiros et al., 2021). Moreover, loss-of-function variants of TLR7 have recently been reported to underlie a strong predisposition to severe COVID-19 in a small number of males (Fallerini et al., 2021). Both type I and III IFNs can induce an antiviral transcriptional program (Park and Iwasaki, 2020), thus, dysregulation of host IFN responses has been shown to be associated with severe disease progression in COVID-19 patients. For example, pDCs use TLR7 to sense ssRNA fragments from viruses that are rich in guanine and uracil (GU rich), and TLR7 seems to mainly act via the MyD88-TRAF3/6 pathway, inducing the production of type I IFN, IFN-γ, and IFN-λ3 and the upregulation of CD86 expression (Bortolotti et al., 2021; Salvi et al., 2021). However, the pDCs response of COVID-19-infected patients is functionally impaired (Choi and Shin, 2021).

In addition, peripheral blood immune cells from severe COVID-19 patients exhibit diminished type I and III IFN responses but enhanced proinflammatory IL-6 and TNF-α responses (Blanco-Melo et al., 2020; Hadjadj et al., 2020). Analysis of the serum from critical COVID-19 patients showed the levels of proinflammatory cytokines and chemokines are strongly elevated while the levels of type I and III IFNs are undetectable (Park and Iwasaki, 2020). Notably, SARS-CoV-2 also possesses some strategies to escape the innate immune response due to a wide range of viral proteins, such as the M, NSP6, NSP13, NSP15, ORF3b, ORF6, ORF8, and ORF9b proteins, that affect the IFN-mediated antiviral responses (Jiang et al., 2020; Konno et al., 2020; Lei et al., 2020; Han et al., 2021; Sui L. et al., 2021). Therefore, future investigations are still required to obtain a clear understanding of the inhibition of TLR signaling by SARS-CoV-2.



Toll-Like Receptor Signaling as a Part of the Inflammatory Response During Severe Acute Respiratory Syndrome Coronavirus 2 Infection

The activation of TLRs plays a dual role in the progression of COVID-19. It is thought that the production of proinflammatory cytokines is induced by the activation of different TLRs, such as TLR2, TLR4, and TLR7/8, which greatly contributes to the pathogenesis of COVID-19 and its severity. Immunopathological processes that cause death in COVID-19 patients occur due to the interaction of TLRs with virus particles (Patra et al., 2021). TLR2 and TLR4 sense viral proteins, and the expression levels of molecules related to the TLR2- and TLR4-inflammatory signaling molecules are upregulated in in COVID-19 patients, which suggest the involvement of TLR2 and TLR4 signaling in the induction of pathological inflammation during COVID-19 (Sohn et al., 2020). Moreover, several studies have shown that an overwhelming TLR7 response may promote the development of severe COVID-19 (Fallerini et al., 2021; Kayesh et al., 2021), highlighting the clinical importance of the TLR-mediated immune response during SARS-CoV-2 infection. Moreover, other studies on SARS-CoV-2 have revealed the pathological role of TLR4 and TLR7/8 in excessive inflammatory response in COVID-19 patients as it leads to the formation of neutrophil extracellular traps (NETs) and the activation of inflammasomes, leading to acute lung injury (Khadke et al., 2020; Sohn et al., 2020; Veras et al., 2020).

Additionally, obese and overweight individuals exhibit significantly increased TLR expression, which impacts the severity of COVID-19. It is hypothesized that desensitization of TLR signaling may occur due to chronic stimulation in obese and elderly people. TLR/MyD88 signaling, which is enhanced in obese individuals, may contribute to the excessive inflammatory response observed during severe infection with SARS-CoV-2 (Cuevas et al., 2021). Similarly, significantly elevated expression of IL-6 and TNF-α was observed to be associated with TLR expression in obese individuals but not in controls (Kayesh et al., 2021). Moreover, delayed IFN responses fail to control the virus and can cause inflammation and tissue damage. Delayed but considerable type I IFN responses in SARS-CoV-2 infected BALB/c mice trigger the accumulation of monocytes and macrophages as well as the production of proinflammatory cytokines, resulting in lethal pneumonia, vascular leakage, and insufficient T-cell responses (Channappanavar et al., 2016).

Furthermore, damage to host cell caused by SARS-CoV-2 infection can also lead to the release of endogenous danger-associated molecular patterns (DAMPs). These endogenous self-antigens, such as high-mobility group box 1 (HMGB1) and heat shock proteins (HSPs), activate MAPK and NF-κB signaling, which triggers an inflammatory response. In COVID-19 patients, HMGB1 can be released from dying cells and functions as a pro-inflammatory inducer to bind with TLR4, leading to the production of IL-1β, IL-6, and TNF-α (Yang et al., 2015; Cicco et al., 2020). Another DAMP shown to regulate inflammation during SARS-CoV-2 infection is the S100A8/A9 complex, which is released from host neutrophils and has been proposed to be a potential biomarker in COVID-19 patients. Mechanistically, the S100A8/A9 complex is also an endogenous ligand of TLR4 on DCs and mediates host proinflammatory responses (Mellett and Khader, 2022). TLR9 is not directly involved in recognition of SARS-CoV-2. However, cell-free DNA (cfDNA) production that is triggered by tissue injury during virus infection, cfDNA can subsequently act as a DAMP and exacerbates inflammation via TLR9. Recent studies have reported that elevated levels of cfDNA in COVID-19 patients are strongly correlated with COVID-19 disease severity (Andargie et al., 2021; Cavalier et al., 2021). Moreover, the increased cfDNA levels in COVID-19 patients generates excessive mitochondrial ROS (mtROS) production in a concentration-dependent manner (Andargie et al., 2021). Taken together, these findings suggest that host molecules that are released during SARS-CoV-2 infection may function independently as DAMPs, resulting in a more severe inflammatory response (Figure 1).




TOLL-LIKE RECEPTOR AGONISTS AS ADJUVANTS FOR CORONAVIRUS DISEASE 2019 VACCINES

More efficient and safe vaccines are still a critical need for combating COVID-19. In vaccine development, adjuvants are required to increase antigen recognition and enhance the magnitude and durability of the elicited immune responses. TLR agonists are considered important molecules for triggering and enhancing rapid and long-term innate immune responses, and they have been extensively studied for use as vaccine adjuvants against cancer and microbial infections. Compared to the first-generation adjuvants, such as aluminum adjuvant, TLR agonist adjuvants could guide DC maturation to elicit a stronger T-cell response. Various TLR agonists, including Pam3CSK4, poly(I:C), monophosphoryl lipid A (MPLA), resiquimod (R848), and CpG oligonucleotide (ODN), are currently under investigation for use as vaccine adjuvants to prevent SARS-CoV-2 infection. The TLR agonists currently under development for COVID-19 vaccines are listed in Table 2.


TABLE 2. Toll-like receptor agonists as vaccine adjuvants in COVID-19 vaccine formulation.
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Toll-Like Receptor 1/2 Agonists

The TLR1/TLR2 ligand Pam3CSK4 is a synthetic triacylated lipopeptide and can activate the proinflammatory transcription factor NF-κB. A new water-soluble synthetic Pam3CSK4-derivative, named XS15, is being used in combination with peptides from the SARS-CoV-2 spike protein to develop a vaccine format that induces CD4+ T-cell responses against peptides predicted to bind to HLA-DR (Rammensee et al., 2021). In a phase I open-label trial, a peptide-based vaccine CoVac-1, which is composed of T-cell epitopes derived from various SARS-CoV-2 proteins, was combined with XS15 and emulsified in Montanide ISA 51 VG. This vaccine induced profound SARS-CoV-2-specific T-cell responses targeting multiple vaccine peptides in all the study participants. Moreover, the interferon (IFN)-γ T-cell responses induced by CoVac-1 persisted in the follow-up analyses and surpassed those detected after vaccination with approved vaccines (Heitmann et al., 2022). In addition, in a study of a SARS-CoV-2 subunit vaccine, a combination of TLR1/2 and TLR3 agonists (L-pampo) was found to be a potent adjuvant for eliciting a neutralization antibody response and an antigen-specific cellular immune response against SARS-CoV-2, resulting in a substantially decreased viral load in a ferret model (Jeong et al., 2021).



Toll-Like Receptor 4 Agonists

The TLR4 ligand LPS can regulate inflammation and effector T-cell differentiation. MPLA is a modified form of LPS that exhibits strong immune stimulatory activity but avoids most inflammatory toxicity. It has been approved for utilization as an adjuvant in vaccines against human papilloma virus and hepatitis B virus. In a previous vaccine study, MPLA-adjuvanted truncated spike protein fused with Fc of human IgG (S377-588-Fc) induced a significantly higher titer of specific IgG antibodies against Middle East respiratory syndrome coronavirus than did the alum-adjuvanted protein. In particular, MPLA-adjuvanted S377-588-Fc protein elicited a stronger Th2 (IgG1)-biased response (Zhang et al., 2016). Recently, a biomaterial COVID-19 vaccine based on mesoporous silica rods (MSRs) and loaded with MPLA, granulocyte-macrophage colony-stimulating factor (GM-CSF), and SARS-CoV-2 viral protein antigens was shown to slowly release their cargo and form subcutaneous scaffolds that recruited and activated antigen-presenting cells (APCs) at the local site to generate adaptive immune responses (Langellotto et al., 2021). The SARS-CoV-2 is still mutating; however, the MPLA-adjuvanted antigens like S-trimer/MPLA, RBD/MPLA, and S1/MPLA remain to induce a strong humoral and cellular immune responses against spike variants, including alpha, beta, gamma, delta, and omicron (Wang et al., 2022). Another TLR4 agonist, inulin acetate (InAc), which is a plant-based polymer, has been reported to induce high IgG1, IgG2a, and sIgA titers against antigens in serum after intranasal immunization using antigen-loaded InAc nanoparticles (InAc-NPs); this approach resulted in a strong memory response indicative of both humoral and cellular immune activation, and may be useful in the development of a COVID-19 vaccine (Bakkari et al., 2021).



Toll-Like Receptor 7/8 Agonists

Toll-Like Receptor 7/8 activation may be investigated as an additional strategy for anti-SARS-CoV-2 vaccines address the current challenge of viral escape. TLR7 stimulation may help viral clearance through Th1 antiviral responses as well as exert beneficial broncho-vasodilatory activity (Khalifa and Ghoneim, 2021). As a synthetic and selective ligand for TLR7, imiquimod has been approved for human-papillomavirus-induced genital and perianal warts. An imiquimod analog, resiquimod (R848), was proven to be a dual TLR7 and TLR8 synthetic agonist that elicits prominent IFN-α/β and IL-6 responses and robust cytotoxic T-cell (CTL) and B-cell proliferation; thus, it is particularly suited for antiviral immune responses. Indeed, the cytokine profiles induced by R848, are almost identical to the profiles induced by the licensed mRNA vaccines against COVID-19 (Rossmann et al., 2021). In a SARS-CoV-2 virus-mimetic nanoparticle vaccine, the SARS-CoV-2 spike protein S1 subunit and R848 were attached to erythrocytes and injected into mice, resulting in greater maturation and activation of APCs, production of specific IgG antibodies, and systemic antiviral T-cell responses than the nanoparticles alone (Wang et al., 2021). However, R848 adjuvanticity should stress more on vaccine formulation. A recent study showed that R848 conjugated to multilamellar liposomes rather than forming a linear structure, resulting in stronger immunostimulatory activity (Liang et al., 2020). Moreover, an R848-encapsulating poly lactic-co-glycolic acid (PLGA) nanoparticle can reduce the excessive level of inflammatory cytokines induced by free R848 (Chen et al., 2021), which could be beneficial for providing an appropriate immune response and long-term safety in vaccine development.



Toll-Like Receptor 3/9 Agonists

Optimal protection against coronavirus probably involves neutralizing antibodies and CD8+ T cells. Among the TLR agonists, the TLR3 and TLR9 ligands, poly(I:C) and CpG ODN significantly augment the CD8+ T-cell responses to a greater extent than other adjuvants. Thus, CpG ODN and poly(I:C) have been utilized as adjuvants in influenza vaccines. Studies have demonstrated that CpG ODN or PIKA [a stabilized derivative of poly(I:C)] can stimulate enhanced IgG production in animals have been used in the context of immunization with an inactivated SARS-CoV-2 vaccine (Gai et al., 2008; Gupta and Gupta, 2020). Moreover, compared with the alum adjuvanted SARS-CoV-2 S1 vaccine, intranasal boosting with nanoparticles, formulating with CpG 1018 and poly(I:C), elicits higher dimeric IgA production, IFN-α production, and T-cell activation in rhesus macaques (Sui Y. et al., 2021). In another study, a recombinant S trimeric protein adjuvanted with PIKA was reported to induce high titers of SARS-CoV-2 neutralizing antibodies and to protect non-human primates from virus challenge (Liu Y. et al., 2021). Another CpG ODN 7909-adjuvanted SARS-CoV-2 vaccine, 202-COV, is a S-protein subunit vaccine formulated with aluminum hydroxide; that elicits robust neutralizing antibody responses and substantial CD4+ T-cell responses in both mice and non-human primates; this vaccine is currently being investigated in phase II studies of COVID-19 (Liu H. et al., 2021). CpG ODN is capable of inducing both cellular and humoral immune responses, and it preferentially induces Th1-biased responses. Mice that were immunized with mRNA encoding the spike protein of SARS-CoV-2, co-formulated with CpG ODN, developed therapeutically relevant levels of RBD-specific neutralizing antibodies in both circulation and lung bronchial fluids. In addition, vaccination elicited strong and long-lasting RBD-specific Th1 T-cell responses including CD4+ and CD8+ T-cell memory responses (Haabeth et al., 2021).




TOLL-LIKE RECEPTOR SIGNALING INHIBITORS PROTECT AGAINST HYPERINFLAMMATORY RESPONSE IN SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS 2 INFECTION

Uncontrolled TLR-mediated inflammation has been suggested to contribute to immunopathological consequences in COVID-19 patients. It is quite obvious that targeted manipulation of TLR signaling decreases excessive inflammatory responses. TLR4 is one of the major contributors to SARS-CoV-2 infectivity and pathogenesis, and its antagonists are capable of inhibiting the harmful effects of TLR4 signaling. For example, Lipid X is a Lipid A biosynthetic precursor that can competitively bind to TLR4 to block cytokine production via the downstream signaling pathways. Therefore, many TLR4 modulators, both natural and synthetic, can be investigated in the context of COVID-19 treatment. TAK242 is a potent and selective TLR4 antagonist that inhibits the release of inflammatory cytokines from human THP-1 cells after exposure to SARS-CoV-2. Therefore, it is postulated that TAK242 may improve patient outcomes by dampening the inflammatory response and preventing systemic infection in patients with COVID-19 (Kate Gadanec et al., 2021).

The intracellular RNA sensors TLR3 and TLR7/8 are thought to be involved in the hyperinflammatory responses induced by SARS-CoV-2 infection. A TLR7/8 antagonist, Enpatoran (M5049), is a potent dual TLR7/8 inhibitor that is expected to cease the hyperinflammatory milieu in symptomatic patients with COVID-19. Furthermore, Merck has already initiated a phase II randomized, controlled clinical study evaluating the efficacy and safety of M5049 in the COVID-19 patient population (Khalifa and Ghoneim, 2021; Port et al., 2021). Similarly, famotidine, a specific histamine H2 receptor antagonist, can inhibit TLR3 expression in SARS-CoV-2 infected cells and reduce TLR3-dependent NF-κB and IRF3 signaling, subsequently controlling antiviral and inflammatory responses (Mukherjee et al., 2021) and reducing the risk of intubation and death in hospitalized patients with COVID-19 (Freedberg et al., 2020). Another TLR signaling inhibitor, the PPARα agonist oleoylethanolamide (OEA), was reported to attenuate TLR3-induced hyperthermia and reduce the expression of hyperthermia-related genes including IL-1β, iNOS, COX2, and m-PGES in the hypothalamus (Flannery et al., 2021).

Toll-like receptor antagonists are not only used as individual drugs but may also be used in combination with immunomodulatory drugs in severe cases of COVID-19 to enhance potential synergistic effects and possibly reduce adverse effects. Currently, most TLR antagonists are being investigated in clinical trials to evaluate their efficacy in reducing detrimental immune effects without causing a drastic change in their basal levels to maintain the immune homeostasis.



CONCLUSION

Toll-like receptors are important constituents of the innate immune system and can recognize a wide variety of PAMPs from viruses. This review has described the various TLRs that are involved in the immunopathogenesis of SARS-CoV-2 infection and the effects of application of TLR immunomodulators in patients with COVID-19. Of the TLRs that have been identified, TLR7/TLR8 and TLR3 are intracellular receptor that sense viral ssRNA, and dsRNA replication intermediates, respectively. TLR2 and TLR4 reside on the cell surface and are activated by SARS-CoV-2 glycoproteins. TLR signaling elicits antiviral and proinflammatory cytokine production through MyD88-dependent and/or TRIF-dependent pathways. The activation of the innate immune response often contributes to viral clearance and disease resolution. Therefore, TLR agonists could be formulated as adjuvants for use with the S protein or RBD to enhance neutralizing antibody production and T-cell responses against SARS-CoV-2 infection since they elicit timely and optimal TLR responses. However, dysregulated immune signaling may lead to the detrimental production of proinflammatory cytokines and chemokines that cause severe disease. Thus, the use of TLR antagonists might exert a beneficial effect, by attenuating deleterious hyperinflammatory responses in severe COVID-19 patients. However, most of these new therapeutics or combination strategies for anti-SARS-CoV-2 infection are currently being studied in clinical trials of various phases.
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Acute lung injury (ALI) with uncontrolled inflammatory response has high morbidity and mortality rates in critically ill patients. Pathogen-associated molecular patterns (PAMPs) are involved in the development of uncontrolled inflammatory response injury and associated lethality. In this study, we investigated the inhibit effect of MS19, a microsatellite DNA-derived oligodeoxynucleotide (ODN) with AAAG repeats, on the inflammatory response induced by various PAMPs in vitro and in vivo. In parallel, a microsatellite DNA with AAAC repeats, named as MS19-C, was used as controls. We found that MS19 extensively inhibited the expression of inflammatory cytokines interleukin (IL)-6 and tumor necrosis factor (TNF)-α induced by various PAMPs stimulation, including DNA viruses, RNA viruses, bacterial components lipopolysaccharide (LPS), and curdlan, as well as the dsDNA and dsRNA mimics, in primed bone marrow-derived macrophage (BMDM). Other than various PAMPs, MS19 also demonstrated obvious effects on blocking the high mobility group box1 (HMGB1), a representative damage-associated-molecular pattern (DAMP), nuclear translocation and secretion. With the base substitution from G to C, MS19-C has been proved that it has lost the inhibitory effect. The inhibition is associated with nuclear factor kappa B (NF-κB) signaling but not the mitogen-activated protein kinase (MAPK) transduction. Moreover, MS19 capable of inhibiting the IL-6 and TNF-α production and blocking the HMGB1 nuclear translocation and secretion in LPS-stimulated cells was used to treat mice ALI induced by LPS in vivo. In the ALI mice model, MS19 significantly inhibited the weight loss and displayed the dramatic effect on lessening the ALI by reducing consolidation, hemorrhage, intra-alveolar edema in lungs of the mice. Meanwhile, MS19 could increase the survival rate of ALI by downregulating the inflammation cytokines HMGB1, TNF-a, and IL-6 production in the bronchoalveolar lavage fluid (BALF). The data suggest that MS19 might display its therapeutic role on ALI by inhibiting the HMGB1-TLR4-NF-κB signaling pathway.
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inflammation, NF-κB – nuclear factor kappa B, acute lung injury (ALI), high-mobility group box 1 (HMGB1), oligodeoxynucleotide (ODN), pathogen-associated molecular patterns (PAMPs)


Introduction

The innate immune system plays an important role in the control of pathogens, and it can be activated to produce a proinflammatory response by the recognition of pathogen-associated molecular patterns (PAMPs) via pattern recognition receptors (PRRs) (Li and Chang, 2021). The best-known examples of PAMPs include lipopolysaccharide (LPS) of Gram-negative bacteria and nucleic acids of pathogens. Among all the PRRs, Toll-like receptors (TLRs) have been studied most extensively. For example, it is known that TLR4 senses the LPS from bacteria, TLR2 recognizes polysaccharide and lipoproteins, TLR3 and TLR7/8 recognize viral double-stranded RNA (dsRNA) and single-stranded RNA (ssRNA), and TLR9 responds to microbial DNA rich in non-methylated CG motifs (CpGs), respectively (Mu and Hur, 2021). Upon activation, TLRs recruit a cytoplasmic protein, myeloid differentiation primary response protein 88 (MyD88), and subsequently bind the interleukin 1R-associated kinase (IRAK) complex. In turn, IRAK dissociates from the receptor–adapter complex upon phosphorylation and interacts with TNFR-associated factor 6 (TRAF6). Then, TRAF6 activates transforming growth factor activated kinase-1 (TAK1) and subsequently leads to the activation of two major pathways involving the Rel family transcription factor NF-κB and the mitogen-activated protein kinase (MAPK) family. The MAPKs mainly include the extracellular signal-regulated kinase (ERK) and p38. Activation of the MAPKs and NF-kB signaling pathways promotes inflammation by inducing the expression of interleukin (IL)-6, tumor necrosis factor-α (TNF-α), IL-1β, and some inflammatory chemokines (Park et al., 2022; Yue et al., 2022). In addition, interferon regulatory factor 5 (IRF5) is another downstream transcription factor in TLRs/MyD88 signaling pathways. TLRs activation triggers the formation of MyD88-IRF5-TRAF6 complexes and then activates IRF5, which leads to the IRF5 nuclear translocation to initial the transcription of proinflammatory cytokines (Tang et al., 2021).

Although inflammation can defend against invading pathogens, it is also a double-edged sword. Usually, deregulated or severe inflammation induced by PAMPs has been linked to tissue injury and inflammatory diseases, such as acute lung inflammatory injury, septic peritonitis, and multiple sclerosis (Zheng et al., 2019; Sun et al., 2022). Moreover, some endogenous molecules called damage-associated molecular patterns (DAMPs) could be passively released from the damaged cells of tissue injury (Zhou et al., 2021). High-mobility group box 1 (HMGB1) is a nuclear DNA-binding protein and acts as a typical DAMP molecule, which plays an important role in sterile inflammatory responses. HMGB1 can also be actively released from the nucleus to the extracellular space in response to different stimuli. The active secretion always requires the translocation of nuclear HMGB1 to the cytoplasm and the secretion of cytoplasmic HMGB1 to reach the extracellular space (Ding et al., 2021). Inside the nucleus, HMGB1 has been found to increase the binding affinity of many transcription factors to their cognate DNA sequences, such as NF−κB (Xue et al., 2021). More importantly, HMGB1 is also involved in extracellular activity as an endogenous danger signal, which participates in cell–cell interactions including the production of proinflammatory cytokines. For example, HMGB1 protein can interact with multiple cell surface receptors, including TLR2, TLR4, and TLR9, and subsequently activate NF−κB and IFN regulatory factor pathways, stimulating more production of cytokines and chemokines, aggravating the inflammatory response and tissue damage (Ge et al., 2021). Therefore, there is a need to precisely control and tightly regulate the TLRs-mediated signaling pathways induced by PAMPs and DAMPs for preventing the inflammation-induced pathology. Medicines that inhibit the activation of the TLRs signaling pathway are potential anti-inflammatory agents and may prevent tissue inflammatory damage.

In contrast to microbial DNA, host-derived DNA contents are usually considered as anti-inflammatory agents that could negatively regulate pathologic inflammatory responses (Hu et al., 2009; Bode et al., 2014; Herzner et al., 2016). In our previous study, an oligodeoxynucleotide (ODN) named as MS19, designed based on the sequence of human microsatellite DNA (MS DNA), with six AAAG repeated units. It could not only rescue mice from bacterial septic peritonitis (Gao et al., 2017) but also attenuate the acute lung injury (ALI) and myocarditis in virus-infected mice (Fang et al., 2011; Nie et al., 2019). It was confirmed that MS19 could reduce the expression of IRF5 and inhibit the nuclear translocation of IRF5 in RAW264.7 cells, since the sequence of AAAG unit is in consensus with the DNA-binding site of IRF5 (Gao et al., 2017). Moreover, MS19 also decreased the expression of IRF5 in the burn injury skin and the myocardial tissues of coxsackievirus B3-infected mice (Xiao et al., 2017; Nie et al., 2019). However, there are still more inflammatory signaling pathways that are involved in the regulation of TLR-induced inflammation, such as the NF-κB and MAPK signaling. Thus, it is necessary to explore the other potential anti-inflammatory mechanisms of MS19 except for the IRF5.

In this study, we assessed the inflammation inhibitory effect of MS19 against different pathogens and their component mimics, in parallel, an ODN with special base substitution, named as MS19-C, was used as a control. Moreover, the role of MS19 in the NF-κB and MAPK signaling, and the nucleocytoplasmic translocation and secretion of HMGB1 were evaluated in LPS-stimulated macrophages. Furthermore, a mouse model with LPS-induced ALI was established and used for observing the interfering effect of MS19 on inflammatory injury in vivo. The data obtained suggest that MS19 could drive the suppression of the NF-κB but not the MAPK signaling in PAMPs-induced inflammation, which provides a new insight into the mechanisms on how MS19 reduces the excessive inflammatory responses.



Materials and methods


Oligodeoxynucleotides

All oligodeoxynucleotides (ODNs) with nuclease-resistant phosphorothioate-modified, including the MS19 (5′-AAAGAAAGAAAGAAAGAAAGAAAG-3′) and the control ODN MS19-C (5′-AAACAAACAAACAAACAAACAAAC-3′), were synthesized in the Takara Biotechnology Company (Dalian, China).



Virus, cell isolation, and culture

A mouse-adapted H1N1 influenza virus PR8 and a plaque-purified herpes simplex virus-1 (HSV-1) strain were obtained from the Department of Microbiology, Jilin University, Changchun, China. Virus stocks were propagated in Vero cells, which were then aliquoted and stored at −80°C. All experiments involving pathogens were handled at the laboratory with biosafety level 2 (BSL-2).

Mouse bone marrow-derived macrophages (BMDMs) were isolated as previously described (Bailey et al., 2020). Briefly, mice legs were cut to access the femur and tibia, and muscle and tissue were removed in sterile environment. The bone marrow content was washed out using a syringe with complete RPMI 1640 (GIBCO, Shanghai, China). The cells were centrifuged at 1,000 rpm for 5 min, and the pellet was resuspended in complete RPMI 1640 with 20% L929 culture supernatant. The media was replaced every 3 days. The experiment was performed on the 7th day of differentiation. The RAW264.7 cell line was obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). Cells were cultured at 37°C in a 5% CO2 humidified incubator and maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum (HyClone, Logan, UT, United States) and antibiotics (100 IU/ml penicillin and streptomycin).



Pathogen-associated molecular patterns stimulation and oligodeoxynucleotide transfection in cells

Bone marrow-derived macrophage and RAW264.7 cells were planted into 6-well plates at a density of 3 × 105 cells per well and then treated with 1 μg/ml LPS (Sigma-Aldrich, St. Louis, MO, United States), 5 μg/ml VACV-70 (InvivoGen, Hong Kong), 25 μg/ml long polyI:C (LPIC), 20 μg/ml curdlan, or infected with PR8 or HSV-1virus at MOI 10:1 in the presence or absence of 2 μg/ml ODNs, respectively. Transfection of ODNs was performed using Lipofectamine 3000 (Thermo Fisher Scientific, Carlsbad, CA, United States) according to the manufacturer’s instructions. After 30 min of treatment, the cells were harvested to analyze the total expression and phosphorylation analysis of proteins in the cells, which were detected using Western blot. After 16 h of treatment, the cell supernatants were harvested for TNF-α, IL-6 and HMGB1 expression analysis by enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN, United States) according to the manufacturer’s instructions.



Western blot analysis

Protein extraction solution (Beyotime Biotechnology, Shanghai, China) was added to the cultured cells. The protein concentration was determined using a BCA Protein Assay Kit (Solarbio). Equivalent amounts of protein (20 μg) were loaded onto a gel and separated by sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to nitrocellulose membranes (Thermo fisher scientific). The membranes were blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline/Tween 20 at room temperature for 1 h, followed by incubation overnight at 4°C with rabbit polyclonal antibodies against p-p65, p65, p-p38, p38, p-ERK, ERK, p-TAK1, TAK1, and β-actin, all antibodies were obtained from the Cell Signaling (Beverly, MA, United States). After washing, the membrane was incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (Beyotime; 1:3,000 dilution). Immunoreactivity was visualized by enhanced chemiluminescence (Thermo fisher scientific), and signals were quantified using the ImageJ software (National Institutes of Health, Bethesda, MD, United States) or film autoradiography.



Immunofluorescence

RAW264.7 cells were seeded in 4-well chambered glass slides coated with poly-L-lysine (Sigma-Aldrich). Treatment dosage for LPS and/or MS19 was adjusted to facilitate visualization via immunofluorescence. After washing with ice-cold PBS (pH 7.4), the cells were fixed using 4% paraformaldehyde for 30 min. Subsequently, the cells were further washed three times in PBS containing 0.1% Triton X-100, followed by incubation with 3% BSA in PBS for 30 min. Thereafter, the cells were incubated with primary rabbit antibodies against HMGB1 (1:200; Abcam, Shanghai, China) at 4°C overnight. After washing with PBS, cells were incubated with goat anti-rabbit IgG against HMGB1 conjugated with FITC (1:200; Beyotime) for 1 h at room temperature. Finally, the nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI), and the coverslips were placed. Immunostaining was analyzed using a fluorescence microscope (Nikon) interfaced with a digital charge-coupled device camera and an image analysis system. The nucleocytoplasmic translocation percentage in each group was calculated under three fields of vision in fluorescence microscope.



Lipopolysaccharide-induced acute lung injury mouse model

Eight-week-old specific pathogen-free female BALB/c mice (18 ± 2 g) were obtained from the Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice were maintained at 22 ± 2°C with a 12 h light/dark cycle and had free access to food and water for experiments in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. All mouse experiments were approved by the ethics committee of the College of Basic Medical Sciences of Jilin University. Briefly, mice were randomly assigned to three study groups, namely, PBS, LPS, and LPS plus MS19, with 11 mice in each group. To study the inhibitory effect of MS19 on the LPS-induced lung inflammation, LPS was administered via intranasal injection. Mice were intraperitoneally anesthetized with pentobarbital sodium (50 mg/kg) and then were injected via the tail vein with PBS or MS19 (25 μg/mouse) at 6 h before LPS (20 mg/kg) inoculation. It was worth noting that MS19 was encapsulated in N-[1-(2,3-dioleoyloxy) propyl]-N, N, N-trimethylammonium methyl-sulfate (DOTAP) (Roche) in animal experiments. Part of the mice (three mice per group) were euthanized using CO2 at 1 day after exposure to LPS, and then the bronchoalveolar lavage fluid (BALF) samples were collected; after centrifuging at 3,000 rpm for 10 min at 4°C, the supernatant of the BALF samples were used for the ELISA analysis. Subsequently, the lungs were isolated for histopathological examination. Finally, the survival and weight of the rest mice (six mice per group) were recorded daily for 15 days after LPS injection.



Lung histological assessments

The lung tissues with 4% paraformaldehyde were embedded in paraffin. Paraffin sections, 8 μm thick, were deparaffinized, rehydrated, stained with hematoxylin and eosin (H&E), and viewed under a microscope. A pathologist who was blinded to the data performed the histological assessments based on a method described previously (Jiang et al., 2021). The assessment was scored on a scale of 1 (i.e., normal) to 5 (i.e., maximal). The degree of leukocyte infiltration in peribronchiolar areas was judged by the number of infiltrated leukocytes. The sum of the score of cell infiltration and damage levels, including the thickening of the alveolar walls and epithelium, yielded the lung inflammatory score.



Statistical analysis

Statistical analyses were performed using the SPSS v.19.0 software (IBM, Armonk, NY, United States). Quantitative data are presented as the means ± SEMs. All data were tested for normality and homoscedasticity. Differences between groups were evaluated using the Student’s t-test and one-way analysis of variance (ANOVA) followed by the Tukey–Kramer’s multiple range test. Survival rates of mice were compared using the Kaplan–Meier test. P < 0.05 was considered significant.




Results


MS19 inhibited the expression of inflammatory cytokines induced by various pathogen-associated molecular patterns

Pathogen-associated molecular patterns (PAMPs) that are present during infection can induce lung inflammatory responses and injuries. To evaluate the inhibitory effect of MS19 on different PAMPs-induced inflammation, the production of IL-6 and TNF-α in BMDM stimulated with various different PAMPs stimulants were analyzed using ELISA. We chose the bacterial components (i.e., LPS and Gram-positive bacteria cell wall component Curdlan), DNA viruses Herpes simplex virus (HSV) and DNA virus mimics (VACV-70), RNA virus influenza virus (PR8), and RNA virus metabolism products dsRNA long poly (I: C) (LPIC) as stimulus. MS19 (1 μM) or MS19-C (1 μM) transfected with Lipofectamine 3000 (Lipo3000) into cells and then incubated with different stimulus for 16 h. The concentration of TNF-α and IL-6 in the supernatant was detected by ELISA. The results showed that MS19 could significantly inhibit IL-6 and TNF-α production from BMDM triggered Curdlan, DNA virus mimics VACV-70, and RNA virus mimics LPIC (Figures 1A–F). Similarly, the suppressive effects of MS19 were also observed on the expression of inflammatory cytokines IL-6 and TNF-α induced by bacterial LPS, DNA virus, and RNA virus in BMDM (Figures 1G–L). Those results showed that MS19 could significantly inhibit the expression of inflammatory cytokines induced by various PAMPs in macrophages. Interestingly, with the base substitution from G to C, MS19-C has been proved that it has lost the inhibitory effect against the different PAMPs-induced inflammation, which indicated that the inhibitory effect of MS19 was in a sequence-specific manner.
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FIGURE 1
MS19 plays an inhibitory role on regulating interleukin 6 (IL-6) and tumor necrosis factor-α (TNF-α) production in bone marrow-derived macrophage (BMDM) cells upon various pathogen-associated molecular patterns (PAMPs) stimulation. BMDMs were treated with different stimulators in the presence or absence of MS19, and then culture supernatants were collected to evaluate the expression of IL-6 and TNF-α level using ELISA. The cytokine levels of IL-6 in BMDM supernatants with the stimulation of bacterium components curdlan, dsDNA virus mimic VACV-70, and RNA virus mimic LPIC (A–F). The cytokine levels of IL-6 and TNF-α in BMDM supernatants with the stimulation of LPS (G,J), DNA virus HSV-1 (H,K), and RNA virus PR8 (I,L). The values are presented as the means ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, vs. medium group; #p < 0.05, ##p < 0.01, and ###p < 0.001, vs. curdlan, VACV-70, LPIC, LPS, HSV-1, or PR8.




MS19 drove the suppression of NF-κB but not the mitogen-activated protein kinase signaling in pathogen-associated molecular patterns-induced inflammation

Based on the inhibition features of MS19 against various kinds of PAMPs, we deduced that MS19 should inhibit some common molecular pathways among all the inflammatory signaling. To further investigate the possible mechanisms of MS19 to inhibit the PAMPs-induced inflammation, we focused on the NF-κB and MAPK signaling pathways of the TLR4 downstream pathway, which are the most extensively investigated inflammatory signaling pathways. Therefore, we first examined the effects of MS19 on the phosphorylation levels of p65 NF-κB in the presence of different stimuli including LPS, HSV-1, and PR8 in RAW264.7 cells. As reflected in Figure 2, stimulation with these PAMPs increased the phosphorylation level of p65 in RAW264.7 cells, whereas co-treatment with MS19 significantly reduced the upregulation.
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FIGURE 2
Inhibitory effect of MS19 on the expression of NF-κB signaling pathway in different PAMPs-stimulated RAW264.7 cells. The protein expression of p-P65, p65, and β-actin in RAW264.7 cells stimulated by LPS, HSV-1, and PR8 were detected by Western blot (A–C). Band intensity was measured using an imaging densitometer, and the expression of the proteins was calculated relative to the intensity of β-actin protein (D–F). Western blot analysis was assayed in triplicate for each sample. Data represent the mean ± SEM. *p < 0.05, **p < 0.01, vs. medium group; #p < 0.05, ##p < 0.01, vs. LPS, HSV-1, or PR8 group.


To determine if LPS/TLR4 downstream MAPK signaling pathways were activated, we measured the levels of nuclear phosphorylated mitogen-activated protein (MAP) kinases in LPS-treated peritoneal macrophages by Western blot. The results showed that the phosphorylation of TAK-1, ERK, and p38, the activation of major constitutes of MAPKs family, had no obvious changes with MS19 treatment in LPS-stimulated cells (Figure 3). Comparatively, the total protein expression of TAK-1, ERK, and p38 in cells were not affected by the stimulation and treatments. These results indicated that MS19 exhibited potential anti-inflammatory effects via inhibiting the NF-κB but not the MAPK signaling pathways in macrophages.
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FIGURE 3
Effect of MS19 on the expression of MAPK signaling pathway in LPS-stimulated RAW264.7 cells. The protein expressions of p-TAK1, TAK, p-ERK, ERK, p-p38, p38, and β-actin in RAW264.7 cells were detected by Western blot (A). Band intensity was measured for calculating the expression of the proteins relative to the intensity of β-actin protein (B). Data represent the mean ± SEM. *p < 0.05, **p < 0.01, vs. medium group.




MS19 suppressed the nucleocytoplasmic translocation and secretion of HMGB1 in lipopolysaccharide-stimulated macrophages

HMGB1 is important in the initiation and progression of proinflammatory processes. It could be released into the extracellular environment during exogenous stimulus, such as LPS. Some non-immunogenic nucleotides with high-affinity HMGB binding may function as suppressing agents for HMGB-mediated inflammation disease by blocking TLR4 activation and macrophage cytokine release (Yang et al., 2010; Yanai et al., 2011). Next, we evaluated the inhibitory effects of MS19 on the nucleocytoplasmic translocation and secretion of HMGB1 in LPS-stimulated RAW264.7 cells using immunofluorescence assay and ELISA. As shown in Figures 4A,B, HMGB1 was strictly located in nucleus of untreated macrophages, and the translocation of HMGB1 from the nucleus to cytoplasm was happened when the cells were exposed with LPS (P < 0.001). However, MS19 displayed a strong suppressive effect on HMGB1 translocation in LPS-stimulated cells (P < 0.01). Furthermore, LPS-induced high HMGB1 level in supernatant was also inhibited by treating with MS19 (P < 0.01) (Figure 4C). Similar to the expression of inflammatory cytokines, no obvious difference of HMGB1 nucleocytoplasmic translocation and secretion was observed in RAW264.7 cells between the group treated with LPS and LPS + MS19-C. The data demonstrated that MS19 inhibited the translocation of HMGB1 to the cytosol, thereby reducing its active secretion.
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FIGURE 4
Suppression of HMGB1 translocation and secretion in RAW264.7 cells treated with MS19 after LPS exposure. Immunofluorescence images of nucleocytoplasmic translocation of HMGB1 (A). RAW264.7 cells were incubated with LPS with or without MS19 for 2 h and examined by fluorescence microscopy. HMGB1 are stained in green with FITC, and cell nuclei are stained in blue with DAPI. The percentage of nucleocytoplasmic translocation of HMGB1 in RAW264.7 cells was calculated (B). The HMGB1 level in supernatant after RAW264.7 cells received 16 h exposure of LPS in the presence or absence of MS19, as determined using ELISA (C). Data are representatives of three independent experiments and are expressed as means ± SEM. ***p < 0.001, vs. medium group; ##p < 0.01, vs. LPS group.




MS19 alleviated the lipopolysaccharide-induced acute lung injury and mortality in mice

Next, we evaluated the inhibitory effect of MS19 on the acute lung pathological inflammation caused by LPS in mice. These mice were treated with LPS or/and MS19 on day 1, then three mice of each group were euthanized, and BALF was collected from the lungs, and then, the lungs were removed for histopathological examination at day 2. The survival and weight of the rest eight mice were recorded daily for 8 days. As shown in Figure 5A, LPS administration could induce a dramatic loss of body weight in mice, nearly 20% weight loss in the LPS group at day 4. The weight of the mice in MS19 alone group was no change until the end of experiment. However, in the LPS + MS19 group, LPS stimulation induced an initial dramatic decrease 1–3 days after injection, followed by recovery at day 4 and a further increase at day 5. From day 8 post injection, the body weight of the mice treated with LPS + MS19 was gradually recovered toward the normal until at the end of experiment at day 15, whereas the body weight of the mice treated with LPS was not recovered resulted in only two mice were lived at day 8. Six of the eight mice in the LPS + MS19 group were still alive (P < 0.05) (Figure 5B). The mortality rates of the mice treated with PBS or MS19 alone or LPS alone or LPS + MS19 were 100, 100, 25, or 75%, respectively, indicating the more potential of MS19 on inhibiting lung inflammation responses.
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FIGURE 5
Protective effect of MS19 on LPS-induced acute lung injury in mice. Mice (n = 11) were challenged nasally with LPS or PBS at 6 h after intravenous injection with MS19 or PBS. The body weight change of mice (A). The percent survival of mice in different groups at 8 days after LPS challenge (B). Representative images of lung pathology after H&E staining (C). Lung injury scores (D). ELISA of HMGB1, IL-6, and TNF-α level in the BALF samples of mice in each group (E). Data represent the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001, vs. PBS group; #p < 0.05, ##p < 0.01, and ###p < 0.001, vs. LPS group.


Lung pathological results showed that the mice stimulated with LPS showed thickened and congested alveolar walls, intra-alveolar edema, and numerous infiltrated neutrophils and macrophages in their lung tissues. In contrast, mice treated with MS19 showed no or much less pathological changes in their lung tissues (Figure 5C). The pathological score of the lung tissues in MS19-treated mice was lower than that in mice inoculated with LPS only (P < 0.05) (Figure 5D). In addition, the secretion of HMGB1, TNF-a, and IL-6 in the BALF of mice treated with LPS was significantly higher than that of the PBS mice, while the levels of these inflammatory mediator levels in the mice treated with MS19 were obviously lower than that in LPS group (Figure 5E). The results indicated that MS19 has a potential protection against the lethal LPS-induced ALI by inhibiting the production of inflammatory cytokines.




Discussion

Excessive TLR signaling may lead to persistent inflammation and tissue destruction. For instance, severity of the coronavirus disease 2019 (COVID-19) is associated with cytokine storm in patients, which could be produced by over-activation of TLR pathways (Tang et al., 2020; Manik and Singh, 2021). Therefore, it is quite obvious that targeted manipulation of TLR signaling pathway may possess the decrease of excessive inflammatory responses. In this study, we found that MS19 could inhibit the various PAMPs-induced inflammatory cytokines remarkably, and extensively, and the inhibition is associated with NF-κB signaling pathway.

Multiple pathogens and their PAMPs were used to stimulate macrophages in this study. Various PAMPs trigger inflammatory responses may interact with different innate immune receptors. For example, pathogen lipoprotein and polysaccharide sensed by TLR2, bacterial LPS recognized by TLR4, viral and bacterial DNA with unmethylated CpG-DNA motifs sensed by TLR9, viral ssRNA and dsRNA could be recognized by TLR7/8 and TLR3, respectively (Naqvi et al., 2022). Thus, one virus particle can activate a complex pattern of TLRs, for instance, influenza A virus could be recognized by a bunch of TLRs including TLR2, -3, -4, and -7/8 (Pulendran and Maddur, 2015; Dai et al., 2018). Our result reflected that MS19 extensively inhibited the production of IL-6 and TNF-α induced by various PAMPs, which including the LPS, curdlan, dsRNA, and dsDNA mimics, as well as DNA and RNA virus. Moreover, in our previous published articles, we demonstrated that MS19 could inhibit the IFN-α production in human PBMC and pDC stimulated with RNA virus and DNA virus (Sun et al., 2010). Those results hinted toward not a direct interference at the receptors; therefore, we deduced that the MS19 might target one or more molecules of co-existing in the downstream of TLRs signaling. Three major signaling pathways, namely, NF-κB, MAPKs, and IRFs, are responsible for mediating TLRs-induced proinflammatory responses (Yang et al., 2010). In our previous study, MS19 was thought to bind with IRF5 because of the consensus AAAG repeat−binding site and prevented the nuclear translocation of IRF5 with subsequent induction of inflammatory genes (Xiao et al., 2017). However, considering the complexity of inflammation, it was possible that there still have additional targets for MS19 to act its anti-inflammation effect. Just like A151, an ODN containing 4 repeats of the TTAGGG motif, which was initially identified as a TLR9 antagonist that inhibits immune activation by CpG ODNs (Steinhagen et al., 2018). However, subsequent studies have found A151 also can bind to the cytosolic DNA sensors AIM2 and compete with DNA to inhibit cyclic GMP-AMP synthase (cGAS) pathway, resulting in the inflammasome inhibition (Eichholz et al., 2016; Steinhagen et al., 2018).

In this study, we focused on the TLR4 signaling pathways in macrophage induced by LPS to investigate whether MS19 could inhibit the NF-κB or MAPK transduction. Excitingly, MS19 significantly inhibited the phosphorylation levels of p65 NF-κB in LPS-stimulated cells. This finding was a supplement for the inflammatory inhibition mechanism of MS19. By means of mechanism, MS19 inhibited the TNF-α production in macrophage stimulated with LPS by blocking the HMGB1 translocation and secretion. LPS activation of TLR4 and caspase-11 both generate extracellular HMGB1 release. TLR4 activates both the MyD88-dependent and TRIF-dependent pathways (Lu et al., 2008). HMGB1-induced TNF-α production is TRIF and MyD88-dependent pathway, consistent with what is known regarding LPS downstream signaling (Kim et al., 2013). qRT-PCR results showed that MS19 reduced the overexpression of TRAF6, MyD88, and IRF3 mRNA caused by LPS in RAW264.7 (Supplementary Figure 1 and Supplementary Table 1). In our unpublished results, MS19 also could inhibit the IFN-α and IFN-β production in macrophage and pDC stimulated with DNA and RNA virus. TRIF-signaling downstream of LPS-bound TLR4 leads to the activation of the IFN-regulatory factors IRF3/7 (Fitzgerald et al., 2003) and produce the IFN-β and IFN-α. The type I interferon expression was TRIF dependent and did not require MyD88. So, we speculated that MS19 may inhibit the TNF-α release both in TRIF- and MyD88-dependent pathway. Besides TLR4, caspase-11 is also drive inflammatory response by mediated the HMGB1 translocation from the nucleus to the cytoplasm. LPS induced activation of caspase-11 in macrophages, leading to reduced ASC speck formation, caspase-1 activation, matured IL-1β release. But, MS19 did not affect the proinflammatory cytokines IL-1 level in macrophage stimulated with LPS (data not shown). We speculated that the inhibition of MS19 on HMGB1 translocation in macrophage may be dependent on TLR4, independent of caspase-11. About the TLR4 downstream signaling pathway, treatment of RAW264.7 cell with MS19 did not affect the phosphorylation and expression of TAK1, ERK, and p38 MARK. Thus, MARKs pathway was not involved in the inflammatory regulation of MS19. Surely, besides the TLRs signaling, there still have more pathways are involved the inflammation, such as the cytosolic sensor signaling including the nucleotide-binding and oligomerization domain-like receptors (NLRs), the retinoic acid-inducible gene 1-like receptors (RLRs) and the cGAS (Decout et al., 2021; Kienes et al., 2021; Pu et al., 2022). Thus, more experiments are still needed to understand the full inhibition mechanisms of MS19 in the future.

The effect of all inhibitory ODNs is associated with high sequence specificity. For instance, the sequences of antisense oligodeoxynucleotides are limited to pair with the specific target RNA (Alharbi et al., 2020). Moreover, among the traditional suppressive ODNs, INH-ODN 2088, and A151, the inhibitory effect against TLRs signaling was based on the motif of CC(T)XXX 3–5 GGG or TTAGGG, respectively (Zhang et al., 2015; Steinhagen et al., 2018). To investigate the key base of MS19 in the inhibitory effect, we substituted all the guanine (G) to cytosine (C) to form the control ODN MS19-C. The results showed that the MS19-C had no more inhibitory activities in triggering the expression of IL-6 and TNF-α, as well as the activation of NF-κB signaling after different PAMPs stimulation. These data indicated that the G-rich ODN may exhibit a stronger inhibition ability than non-G ODN. This finding was consistent with a previous study, which identified a G-rich ODN with ploy G motif (G-ODN), could block the secretion of TNF-a and IL-12p40 and interfere with the upregulation of major histocompatibility complex (MHC) class II and costimulatory molecules (Peter et al., 2008). Interestingly, certain G-rich DNA sequences can fold into a variety of four-stranded structures, which are called G-quadruplexes (Zuffo et al., 2018). The sequence feature of MS19 has six G bases in it and with a specific interval, which may facilitate to form the G quadruplex-like structures. Compared with the non-G quadruplex ODN, G quadruplex ODN blocked more efficiently TLR7- and TLR9-mediated innate immune responses (Römmler et al., 2013). This phenomenon might be related with the regulatory role of G quadruplex in inflammatory-related gene promoters (Stein and Eckert, 2021). However, more is not always better; some new evidence suggested that inhibitory ODNs containing many G triplets, or quadruples were easy to form higher order structures, also called G4 stacks, which made their immunological and pharmacological behaviors unpredictable (Lenert, 2010; Römmler et al., 2013; Zuffo et al., 2018). Therefore, keep the appropriate number of G base or with the G modification allows the development of inhibitory ODNs with superior inhibitory potency for inflammatory diseases (Römmler et al., 2013).

HMGB1 is an evolutionarily conserved protein, presenting in the nucleus of eukaryotic cells under basal conditions. Generally, the secretion of extracellular HMGB1 by innate immune cells in response to PAMPs or released by injured cells has been identified to play a key role in the pathogenesis of sterile and infectious inflammation (Ueno et al., 2021). The release of HMGB1 was confirmed in our study. LPS induced the nucleocytoplasmic translocation, and secretion of HMGB1 was decreased by treating with MS19. The HMGB1 release is mediated by the nuclear export protein XPO1 and secretory lysosomes, which can be triggered by a variety of cytokines and signaling pathways. Some reports have showed that the inhibition of the NF-κB signaling pathway limits HMGB1 secretion in activated immune cells (Li et al., 2020; Chen et al., 2022). Although the target of NF-κB signaling directly responsible for this process is still unclear, a possible mechanism of that is the TNF-α production. The reason is that the release TNF-α and HMGB1 in a time-dependent manner with response to LPS stimulation in macrophages and monocytes. Furthermore, the direct TNF-α suppression via gene knockout or TNF-α neutralizing antibodies partially inhibited LPS-induced HMGB1 release in macrophages (Chen et al., 2004; Chen et al., 2022). Therefore, we speculated that the inhibition role of MS19 on HMGB1 secretion is partially mediated through NF-κB signaling and TNF-α-dependent mechanism, since that ODN exhibited a strong inhibition against the NF-κB activation and TNF-α production in this study. In addition, after its release, extracellular HMGB1 usually acts as a DAMP molecule and transmits signals to the cell interior via the activation of receptors including TLR4, resulting in the formation of a positive feedback loop that potentially amplifies local inflammatory responses (Su et al., 2021; Teo Hansen Selno et al., 2021). Thus, MS19 might also interact with the secreted HMGB1, leading to the functional inactivation by the induction of a conformational change. Three critical elements of ODNs, namely, phosphorothioate modification, base sequence, and length of ODN, were identified for their high-affinity binding to HMGB1 (Yanai et al., 2011). The MS19 used in this study has phosphorothioate modification and potential G-quadruple structure, thereby resulting in the possibility of HMGB1 inactivation through direct binding.

In animal experiments, a classic experimental model of ALI induced by LPS has been used in this study. LPS results in symptoms and inflammatory response in animal models, closely resembling ALI in human (Ehrentraut et al., 2019). Following the LPS challenge, we observed that MS19 suppressed the LPS-induced HMGB1, TNF-α, and IL-6 inflammatory cytokines in the BALF of mice, which is consistent with the results in cultured macrophages. Moreover, MS19 exhibited the anti-inflammatory effects on the pathological changes of ALI, for example, the thickened alveolar walls and numerous infiltrated inflammatory cells were markedly reduced. The decrease of pathological changes is tightly associated with the inhibition of inflammatory cytokines and HMGB1 release (Lai et al., 2016). More importantly, MS19 significantly improved the survival rate of mice in LPS-induced ALI model, which is similar with the previous animal results of MS19 in rescuing the mice from bacterial septic peritonitis, burn-induced systemic inflammation, and coxsackievirus B3 (CVB3)-induced myocarditis (Gao et al., 2017; Xiao et al., 2017; Nie et al., 2019). Those data provided a supplemental experimental basis for the therapeutic applications in the treatment of numerous inflammatory diseases. It is noteworthy that MS19 inhibited the inflammatory response through the NF-κB signaling but not the MAPK transduction; this inhibition would be specific. Sometimes, a specific inhibition should be favorable, the MAPK signaling is known to be involved in many regulatory pathways (Mathien et al., 2021); thereby, the lack of suppression of MAPKs by MS19 might avoid the potential danger of side effects such as increasing infection rates as a result of excess immunologic suppression.



Conclusion

We demonstrated that MS19 remarkably and extensively inhibited multiple PAMPs induced the expression of inflammatory cytokines IL-6 and TNF-α in BMDM and RAW264.7 cells. The inhibition role of TNF-α production of MS19 may be due to block nucleocytoplasmic translocation and secretion of HMGB1, and the inhibition is associated with NF-κB signaling but not the MAPK transduction (Figure 6). Those data may provide a new insight for understanding how MS19 reduces the excessive inflammatory responses in the ALI mouse model induced and excessive cytokine-mediated lethal shock syndrome model. We know that both cytokines TNF-α and HMGB1 were known to be the central mediator of cytokine storm in severe COVID-19 disease (Chen et al., 2020). Kridin et al. (2021) recently analyzed outcomes of COVID-19 in patients with psoriasis treated with anti-TNF biologics and found that TNF blockade significantly decreased the risk of COVID-19-associated hospitalization (Ablamunits and Lepsy, 2022). HMGB1 inhibitors are also promising drug candidates for the treatment of patients suffering from COVID-19. Clinical trials are urgently needed to test different TNF-α/NF-κB inhibitors or HMGB1 antibodies for treatment or prevention of severe COVID-19 cases. Thus, our findings on MS19 in controlling TNF-a production and HMGB1 secretion may provide potential therapeutic application involving targeting cytokines TNF-α- and HMGB1-mediated overactivated inflammation injury induced by SARS-CoV-2.


[image: image]

FIGURE 6
Scheme of the anti-inflammatory mechanisms of MS19 via the inhibition of NF-κB signaling and HMGB1 release in LPS/TLR4 pathway. MS19 inhibits the phosphorylation of p65 NF-κB and release of HMGB1 induced by LPS (red solid line); MS19 does not inhibit the phosphorylation of TAK-1, ERK, and p38 MAPK (red cross); our previous study reported that MS19 inhibits the expression and nuclear translocation of IRF5 (red dotted line).
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Background: It has been reported that 5-hydroxytryptamine (5-HT, serotonin) metabolism is involved in the pathogenesis of irritable bowel syndrome (IBS) and that either Shugan decoction (SGD) or fecal microbiota transplantation (FMT) can alleviate the symptoms of IBS in patients and animal models. But the synergistic effect of FMT and SGD on 5-HT metabolism and IBS symptoms has not been investigated.

Aim: The main purpose of this study is to observe the synergistic effect of FMT with SGD on symptoms and 5-HT metabolism in IBS-D rats induced by water avoidance stress (WAS). Moreover, the possible material basis of the FMT was investigated.

Methods: In experiment I, rats were randomly divided into seven groups. Control group: routine feeding; WAS→ Control group: routine feeding with fecal microbiota liquid (FML) 1 (derived from rats in WAS group) gavage since the fourth day; WAS group: 10 days WAS with routine feeding; SGD group: 10 days WAS with SGD gavage since the fourth day on the base of routine feeding; Control→ WAS group: 10 days WAS with FML2 (derived from rats in Control group) gavage since the fourth day with routine feeding; SGD→ WAS group: 10 days WAS with FML3 (derived from rats in SGD group) gavage since the fourth day with routine feeding; SGD + (Control→ WAS) group: 10 days WAS with SGD and FML2 (derived from rats in Control group) gavage since the fourth day with routine feeding. In experiment II, rats were randomly divided into three groups. Control group: routine feeding; Control→ WAS group: 10 days WAS with FML2 gavage since the fourth day with routine feeding; FControl→ WAS group: 10 days WAS with FML2 filtrate gavage since the fourth day. The number of fecal pellets output (FPT) and the pain pressure threshold (PPT) were recorded. The histological changes in colon mucosa were observed by hematoxylin-eosin (HE) stain. The number of enterochromaffin cells (ECs), the content of 5-HT, and the expression of serotonin reuptake transporter (SERT) protein in the colon were measured by immunofluorescence or western blotting.

Results: Compared with that in the control group, the PPT and the expression of SERT in the WAS group and that in the WAS→ Control group were decreased with the increased number of ECs and the level of 5-HT in colon. But the FPT was not increased in the WAS→ Control group although that was increased in the WAS group. Compared with that in the WAS group, the FPT, the PPT, the number of ECs, the level of 5-HT, and the expression of SERT protein in colon in the SGD group, control→ WAS group, SGD→ WAS group, and SGD+(Control→ WAS) group were all recovered. The recovery of these indicators in the Control→ WAS group and that in the FControl→ WAS group was not significantly different.

Conclusion: No synergistic effect of SGD with FMT on IBS symptoms induced by WAS was found. The metabolites of intestinal microbiota may be the main active substances of the FML derived from normal rats to alleviate WAS-induced IBS symptoms.

KEYWORDS
 water avoidance stress, irritable bowel syndrome, visceral hypersensitivity, fecal microbiota transplantation, serotonin


Introduction

Irritable bowel syndrome (IBS) is a chronic and recurrent functional intestinal disease with abdominal pain, abdominal distension, or abdominal discomfort as the main symptoms, which is related to or accompanied by defecation habits changes without organic lesions (Lacy et al., 2021). According to the Rome IV standard, IBS can be divided into four subtypes: constipation-predominant IBS (IBS-C), diarrhea-predominant IBS (IBS-D), mixed IBS (IBS-M), and unclassified IBS (IBS-U). Among them, IBS-D is identified as the most common subtype of IBS. It has been found that the prevalence of IBS varies greatly from country to country. According to 53 studies that used the Roman III standard, the combined prevalence rate of IBS is 9.2% in 38 countries, and it is 3.8% in 34 countries shown by six studies that used the Rome IV standard (Oka et al., 2020). Although IBS is not a fatal disease, it actually reduces the quality of life of patients to a different extent.

The pathological mechanisms of IBS have not been discovered entirely, it may be related to gastrointestinal dysmotility, increased gut permeability, visceral hypersensitivity (VH), mucosal immune activation, intestinal dysbiosis, altered gut–brain interaction, and genetic and psychosocial factors (Gwee et al., 2019). Increasing evidence support that the dysfunction of microbiota–gut–brain axis is the important pathological basis of IBS (De Palma et al., 2014).

5-hydroxytryptamine (5-HT), also known as serotonin, is a key neurotransmitter and signal molecule in the brain–gut axis (Dy and Camilleri, 2000). About 90–95% of the 5-HT is produced in the gut, most of which is released by enterochromaffin cells (ECs). 5-HT exerts its biological effects by binding to various 5-HT receptors, among which 5-HT3 and 5-HT4 receptors are closely associated with the pathogenesis of IBS (Vahora et al., 2020). The reuptake of 5-HT is mainly performed by a serotonin transporter (SERT) to transport 5-HT into the cells, in which 5-HT is degraded and the metabolites are excreted from the body through the kidney (Bertrand and Bertrand, 2010). So, the number of ECs and the expression of SERT control the level of local 5-HT to a certain extent.

There is a complex bidirectional interaction between intestinal microbiota and 5-HT metabolism. Fung et al. (2019) found that increased 5-HT or fluoxetine (an inhibitor of SERT) in the intestinal tract can change the diversity of intestinal microorganisms and the colonization of some specific strains in mice. The studies of Jones et al. (2020) showed that intestinal microbiota and their metabolites affect the level of 5-HT in the gut and in the circulation by regulating the synthesis of 5-HT in ECs. Therefore, regulating intestinal microbiota is becoming an important way of treating IBS. And prebiotics, probiotics, antibiotics, dietary adjustment, and fecal microbiota transplantation (FMT) have been provided in clinical practice (Herndon et al., 2020).

FMT also known as “fecal transplantation” or “fecal bacteriotherapy,” is to transplant the functional bacteria derived from the feces of healthy people into the gastrointestinal tract of patients to restore the balance of intestinal microecology (Bakken et al., 2011). Pinn et al. (2014) reported that the symptoms were alleviated after FMT in 70% of patients with IBS who were not cured by conventional treatment. Huang et al. (2019) found that FMT can effectively relieve the symptoms of refractory patients with IBS, and the curative effect can be maintained for 3–6 months. Johnsen et al. (2018) deemed that the effect of frozen fecal microbiota is better than that of fresh fecal microbiota.

Shugan decoction (SGD) is a Chinese Herbal Prescription that can significantly ease IBS-D patients' abdominal pain, diarrhea, and emotional disorder by harmonizing liver–spleen according to the traditional Chinese medicine theory. Animal experiments showed that SGD can alleviate VH and defecation in water avoidance stress (WAS)-induced IBS model rats (Shang et al., 2013).

As mentioned above, the occurrence of IBS-D often accompanies disturbances of the intestinal microbiota. As a means of regulating the intestinal microbiota, FMT is an effective treatment for IBS-D. As a Chinese Herbal Prescription for treating IBS-D, SGD plays an important role in treating IBS-D. Both SGD and FMT have a therapeutic effect on IBS in human beings and animals, but the synergism between SGD and FMT has not been evaluated. Therefore, the aim of this study was to observe the effect of SGD combined with FMT on IBS-like symptoms induced by WAS in rats. In addition, we also explored whether FMT exerts its therapeutic effect on IBS rats via regulating the 5-HT signal in colon and evaluated the efficacy of filtered fecal microbiota liquid (FML).



Materials and methods


Agents and materials

SGD is composed of Bupleuri Radix (Chaihu) (Shanghai Hongqiao Traditional Chinese Medicine Co., Ltd. Lot number: 190806), Citri Reticulatae Pericarpium (Chenpi) (Shanghai Hongqiao Traditional Chinese Medicine Co., Ltd. Lot number: 190911), Paeoniae Radix Alba (Baishao) (Shanghai Hongqiao Traditional Chinese Medicine Co., Ltd. Lot number: 190213), Saposhnikoviae Radix (Fangfeng) (Shanghai Wanshicheng National Pharmaceutical products Co., Ltd. Lot number: 190921-1), Atractylodis Macrocephalae Rhizoma (Baizhu) (Shanghai Hongqiao Traditional Chinese Medicine Co., Ltd. Lot number: 190923), which were obtained from the pharmacy department of Longhua Hospital, Shanghai University of Traditional Chinese Medicine. Saikosaponin A (National Institute for Food and Drug Control, Lot number: 110777-201912), paeoniflorin (National Institute for Food and Drug Control, Lot number: 110736-201943), 5-O-methylvisammioside (National Institute for Food and Drug Control, Lot number: 111523-201811), hesperidin (National Institute for Food and Drug Control, Lot number: 110721-201818), and cimicifugoside (National Institute for Food and Drug Control; Lot number: 111522-201913) were purchased from Shanghai Chaorui Biological Technology Co., Ltd. (Shanghai, China). Antibodies used in this study include: Anti-Serotonin transporter antibody (Abcam: ab181034), GAPDH Mouse Monoclonal antibody (Proteintech, 6004-1-lg), Goat anti-Mouse IgG-HRP antibody (HUABIO, HA1006), Goat anti-Rabbit IgG-HRP antibody (HUABIO, HA1001), Donkey Anti-Rat IgG (Abcam, ab150155) and Goat Anti-Mouse IgG (Proteintech, SA00013-1).



Preparation of SGD

The quality ratios of Bupleuri Radix (Chaihu), Citri Reticulatae Pericarpium (Chenpi), Paeoniae Radix Alba (Baishao), Saposhnikoviae Radix (Fangfeng), and Atractylodis Macrocephalae Rhizoma (Baizhu) are 6:3:4:4:6. SGD extract was prepared in the Herbal Chemistry Lab in Shanghai University of TCM. The extraction process is as follows: herbal pieces were soaked in distilled water for 30 min and then were boiled in six times of water for 1 h. The decoction was filtered by four layers of gauze and the residues were boiled again with 6-time water as above. The filtrates were mixed together, concentrated, and freeze-dried to powder.



Analysis and identification of SGD by high-performance liquid chromatography

The ingredients of SGD were analyzed by HPLC as reported in our previous study (Wang et al., 2020). Briefly, Saikosaponin A, paeoniflorin, 5-O-methylvisammioside, hesperidin, or cimicifugoside was dissolved in methanol and obtained 1 mg/mL of standard solution separately. Five hundred milligrams of SGD extract power was weighed and dissolved in distilled water. After ultrasonic shock for 40 min, the SGD solution was fixed at a constant volume of 10 mL. One milliliter of solution was injected into the activated C18 column, and eluted with 10 mL water and 10 mL methanol in sequence. The methanol eluent was collected and was concentrated to dry, then dissolved in 1 mL of methanol, and a 50.89 mg/mL of SGD sample solution was obtained through filtrating by 0.45 μm microporous membrane. The standard solution and the SGD sample solution were analyzed using the Dionex UltiMate™ 3000 RSLC nano system (Thermo Scientific, MA, USA) equipped with a Corona®ultra™CAD detector, Luna®C18 Column (Phenomenex, 250 × 4.6 mm, 5 mm), and a data station with analytical software (CHROMELEON®). Mobile phases consisted of A-purified water and B-acetonitrile. Gradient was set as follows: 0 min, 5% B; 35 min 65.5% B; 35.001 min, 100% B; 40 min, 100% B. Column temperature was set at 25 °C, DAD detection wavelength: 203 nm, 254 nm, and 366 nm.



Animals

Eighty-nine male Sprague-Dawley (SD) rats, weighing 200 g ± 20 g, were provided by Shanghai Bikai Experimental Animal Co., Ltd. (production license No.: SCXK [Shanghai] 2018-0006), and were raised in the Experimental Animal Center of Shanghai University of TCM under the standard temperature (21–24 °C), humidity (50% ± 5%), light and dark cycle (12 h/12 h), and they had free access to standard rat chow and tap water. All the experiments in this study are in accordance with the regulations of the Animal Ethics Committee of Shanghai University of TCM (No. PZSHUTCM190906001). All the experiments were carried out between 9:00 AM and 11:00 AM.


Preparation of FML

After a week of adaptive feeding, nine rats were randomly divided into three groups (n = 3 in each group): Control group: no treatment; WAS group: 10 days WAS; SGD group: 10 days WAS and dealing with SGD intragastric administration since the fourth day. Feces of rats in each group were collected. A certain quality of feces was weighed on a sterilized bending plate and was diluted with aseptic 0.9% NaCl solution at 37 °C with the ratio of 1: 10. FML was obtained after filtering by 2, 4, and 8 layers of aseptic gauze, respectively. FML filtration method: FML was centrifugated at 10,000 rpm and was filtrated with a 0.45 μm disposable needle filter. FMT was performed with 0.1 g feces per 100 g body weight.



Animals grouping and treatment

Experiment I: After a week of adaptive feeding, 56 rats were randomly divided into seven groups (n = 8 in each group): Control group: routine feeding; WAS→ Control group: routine feeding with FML1 (derived from rats in WAS group) gavage since the fourth day; WAS group: 10 days WAS on the base of routine feeding; SGD group: 10 days WAS with SGD gavage since the fourth day on the base of routine feeding; Control→ WAS group: 10 days WAS with FML2 (derived from rats in Control group) gavage since the fourth day on the base of routine feeding; SGD→ WAS group: 10 days WAS FML3 (derived from rats in SGD group) gavage since the fourth day on the base of routine feeding; SGD + (Control→ WAS) group: 10 days WAS with SGD and FML2 (derived from rats in Control group) gavage since the fourth day on the base of routine feeding.

Experiment II: After a week of adaptive feeding, 24 rats were randomly divided into three groups (n = 8 in each group). Control group: routine feeding; Control→ WAS group: 10 days WAS with FML2 (derived from rats in Control group) gavage since the fourth day on the base of routine feeding; FControl→ WAS group: 10 days WAS with FML2 (derived from rats in Control group) filtrate gavage since the fourth day.




Water avoidance stress

Refer to the method initiated by (Bradesi et al., 2005; Wang et al., 2020), the rats were placed on a platform (10 cm long, 8 cm wide, 8 cm high) which was fixed in the center of an organic glass pool (45 cm long, 25 cm wide, 25 cm high) filled with water (25 °C) to suffer from WAS for 1 h every day in 10 consecutive days.



Fecal pellets counting

The amount of FPT of rats during WAS was counted every day.



Colorectal distension

On the 10th day after WAS, the pressure threshold to induce abdominal withdrawal reflex (AWR) in rats was measured by colorectal distension (CRD) test. The methods were as follows: a balloon (5 mm diameter and 1 cm long) with a catheter (2 mm diameter) was inserted into the colorectum 1 cm above the anus. The catheter was fixed to the root of the rat tail with adhesive tape. Then the balloon was inflated gradually by one experimenter and the pressure values were monitored. Meanwhile, the abdominal wall reactions of the rats were observed by the other experimenter and a voice sign was made by him when the first AWR appeared and the immediate pressure value was recorded by the former experimenter. The average value, which was named the pain pressure threshold (PPT), was calculated after three repeated measurements which were performed with a 3-min interval between every two successive measurements.



HE stain and immunofluorescence

The colon tissue was fixed in 4% paraformaldehyde for 48 h after the content was washed off with ice normal saline. Then the paraffin sections were made by dehydration, transparency, wax soaking, embedding, and sectioning. Hematoxylin-eosin (HE) solution staining, neutral gum sealing, and observation under the ordinary optical microscope (Nikon Corporation, Japan) were done in sequence. The paraffin slice was put into buffering solution of citric acid to repair the antigen for 15 min in a microwave oven after dewaxing. Then it was washed with PBS three times (5 min each time) after cooling. The tissue was incubated with 3% H2O2 for 15 min and was washed before it was incubated with serotonin antibody (1:250) and Chromogranin A (1:100) antibody overnight at 4 °C. Then it was incubated with secondary antibodies (donkey anti-rat IgG 1:500 and Goat Anti-Mouse IgG 1:250) after it was washed with PBS three times (5 min each time). LSM800 laser confocal microscope (Zeiss, Germany) was used to observe the immunofluorescence after adding anti-quenching DAPI and seal.



Protein extraction and western blotting

The shredded colonic tissue was put into the RIPA lysis buffer with a protease inhibitor for homogenate. And then the homogenate was centrifuged at 4 °C, 12,000 rpm for 15 min, and the supernatant was collected. BCA protein assay kit (CWBIO: CW0014s) was used to measure protein concentration. Samples were mixed with 5× loading buffer and were heated at 95 °C for 10 min to denature. Then, 100 mg of total proteins were loaded on 10% SDS polyacrylamide gels and electrophoresed. The proteins were then transferred to the PVDF membrane (Millipore, Darmstadt, Germany). The PVDF membrane was incubated with 5% BSA for 1 h and then was incubated with SERT antibody (1:1,000) overnight. Then it was incubated with a secondary antibody (goat anti-rabbit IgG-HRP1:20,000) for 1 h after it was washed with Tris-buffered saline and Tween 20 (TBST) three times (10 min each time). The membranes were washed again. Specific protein bands were visualized using the ECL kit (Millipore: WBKLS500) and imaged with SyngeneG (BOX ChemiXT4).



Statistical analysis

SPSS version 24.0 (SPSS, Chicago, IL, USA) and GraphPad Prism 5.0 (La Jolla, CA, USA) were used for data analysis. Each value was expressed as mean ± SE. If data were subject to normality and homogeneity of variance, an one-way analysis of variance (one-way ANOVA) and followed LSD t-test was used for analyzing the differences among the groups. If disobedient, the rank-sum test was used. P < 0.05 was considered statistically significant.




Results


Chemical composition of SGD

Referring to the components of SGD in Chinese Pharmacopeia, we confirmed the principal ingredients of SGD extract as follows: saikosaponin A, paeoniflorin, 5-O-methylvisammioside, hesperidin, and cimicifugoside (Figure 1).
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FIGURE 1
 Analysis of the chemical composition of Shugan decoction (SGD) extract by HPLC. (A) HPLC chromatogram of SGD extract; (B) HPLC chromatogram of saikosaponin A; (C) HPLC chromatogram of paeoniflorin; (D) HPLC chromatogram of 5-O-methylvisammioside; (E) HPLC chromatogram of hesperidin; (F) HPLC chromatogram of cimicifugoside. Peak 1: saikosaponin A; Peak 2: paeoniflorin; Peak 3: 5-O-methylvisammioside; Peak 4: hesperidin; Peak 5: cimicifugoside.




Effect of FML1 on normal rats

HE staining showed that FML1-like WAS did not induce colonic pathological changes in normal rats (Figure 2).


[image: Figure 2]
FIGURE 2
 Histopathological examination of colon in rats.


Compared with that in the control group, the PPT in the WAS→ Control group, as well as that in the WAS group, decreased significantly (P < 0.05); but the number of FPT of rats in the WAS→ Control group was not increased (P > 0.05) although that in the WAS group increased significantly (P < 0.05) (Figure 3).


[image: Figure 3]
FIGURE 3
 Effects of several FMT combined with or without SGD on IBS-like symptoms of WAS rats. (A) Fecal pellet numbers output of rats every day. (B) PPT in rats (All results are expressed as mean ± SE n = 8/group, *P < 0.05 vs. Control, ***P < 0.001 vs. Control, #P < 0.05 vs. WAS, ###P < 0.001 vs. WAS).




Effect of SGD combined with FML2 on WAS rats

HE staining showed that FML2-like SGD did not influence the colon mucosa obviously (Figure 2).

Compared with that in WAS group, the number of FPT of rats in the SGD group, Control→ WAS group, SGD→ WAS group, or SGD + (Control→ WAS) group was significantly reduced (P < 0.05, P < 0.05, P < 0.05, P < 0.05), accompanied with the significantly increased PPT (P < 0.001, P < 0.001, P < 0.001, P < 0.001), but there was no significant difference among that in these four groups (P > 0.05) (Figure 3).



Effect of FML2 filtrate on WAS rats

We compared the effects of filtered and unfiltered FML2 on the abnormal colonic motility and VH of WAS rats by transplantation to further confirm whether the microbiota or their metabolites in FML2 played the primary role. It was shown that the number of FPT of rats in either the Control→ WAS group or FControl→ WAS group was significantly reduced on the fourth and fifth day (P < 0.05, P < 0.05) with the increased PPT (P < 0.001, P < 0.001) compared to that in WAS group. But there were no significant differences between that in the Control→ WAS group and that in the FControl→ WAS group (P >0.05) (Figure 4).


[image: Figure 4]
FIGURE 4
 Effect of filtered FML on IBS-like symptoms of WAS rats. (A) Fecal pellet numbers output of rats every day. (B) PT in rats (All results are expressed as mean ± SE n = 8/group, #P < 0.05 vs. WAS, ###P < 0.001 vs. WAS).




Effect of FML1 on 5-HT content, ECs number, and SERT expression in the colon of normal rats

Compared with that in Control group, the intensity of green (ECs) and red (5-HT) fluorescence in the colon of rats in WAS→ Control group was increased significantly (P < 0.01, P < 0.001) (Figure 5), while the expression of SERT protein was decreased significantly (P < 0.05) (Figure 6).


[image: Figure 5]
FIGURE 5
 Effects of several FMT combined with or without SGD on ECs numbers and 5-HT content in the colon of rats. (A) Colon immunofluorescence staining in rats. (B) Statistical plot of ECs numbers in the colon. (C) Statistical plot of the 5-HT content in the colon (All results are expressed as mean ± SE n = 5/group, **P < 0.01 vs. Control, ***P < 0.001 vs. Control, ##P < 0.01 vs. WAS, ###P < 0.001 vs. WAS).
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FIGURE 6
 Effects of several FMT combined with or without SGD on SERT expression in the colon of rats. (A) SERT protein expression plot in the colon. (B) Statistical plot of SERT protein expression in the colon (All results are expressed as mean ± SE n = 3/group, *P < 0.05 vs. Control, #P < 0.05 vs. WAS, ##P < 0.01 vs. WAS).




Effect of FML2 on 5-HT content, ECs number, and SERT expression in the colon of WAS rats

Compared with that in the WAS group, the intensity of green (ECs) and red (5-HT) fluorescence in the colon of rats in the Control→ WAS group or in the SGD→ WAS group was decreased significantly (P < 0.01, P < 0.001) (Figure 5), and the expression of SERT protein was increased significantly (P < 0.05, P < 0.01) (Figure 6).



Effect of filtered FML on 5-HT content, ECs number, and SERT expression in the colon of WAS rats

Compared with that in WAS group, the intensity of green (ECs) and red (5-HT) fluorescence in the colon of rats in the FControl→ WAS group was significantly reduced (P < 0.05, P < 0.01) (Figure 7), and the expression of SERT protein was increased significantly (P < 0.05) (Figure 8).


[image: Figure 7]
FIGURE 7
 Effect of filtered FML on ECs numbers and 5-HT Content in the Colon of Rats. (A) Colon immunofluorescence staining in rats. (B) Statistical plot of ECs numbers in the colon. (C) Statistical plot of the 5-HT content in the colon (All results are expressed as mean ± SE n = 5/group, #P < 0.05 vs. WAS, ##P < 0.01 vs. WAS).
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FIGURE 8
 Effect of filtered FML on SERT expression in the colon of rats. (A) SERT protein expression plot in the colon. (B) Statistical plot of SERT protein expression in the colon (All results are expressed as mean ± SE n = 3/group, #P < 0.05 vs. WAS).





Discussion

Intestinal microecological imbalance plays an important role in the pathogenesis of IBS. It is suggested that neurotransmitters, compounds, metabolites, enzymes, and endocrine factors derived from intestinal microbiota may be involved in the pathogenesis of IBS (Mishima and Ishihara, 2020), namely, abnormal intestinal motility, VH, damaged intestinal mucosal barrier, and wrong neuro-immune signals, which are inextricably linked to the intestinal microbiota (Distrutti et al., 2016). In this study, we found that transplanting FML1 (derived from WAS rats) into control rats increased the visceral sensitivity of control rats, which maybe indirectly support WAS inducing VH by damaging gut microecological balance. However, FML1 transplantation did not influence the number of FPT of control rats, which suggested that the mechanisms involved in WAS-induced rat IBS are complex and are not limited to intestinal dysbiosis. SGD gavage, transplanting FML2 (derived from control rats), or transplanting FML3 (derived from rats in the SGD group) could reduce the number of FPT and decrease the visceral sensitivity of WAS rats. But it failed to show the synergistic effect of SGD and FML2 transplantation, which may be due to SGD and FML2 sharing the same way-regulating intestinal microbiota to improve VH and abnormal defecation induced by WAS in rats. This finding indicates that although either SGD or FMT is effective, the combination therapy of them is unnecessary in the clinical practice of IBS treatment.

The intestinal microbiota is involved in the regulation of metabolism of 5-HT. The results of this study confirmed that transplanting FML1 to normal rats could increase the content of 5-HT in colon. The simultaneously increased number of ECs and decreased expression of SERT may contribute to the elevated 5-HT level. Interestingly, there are other studies that reported transplanting the intestinal microbiota from normal mice to germ-free mice could cause a significant increase of 5-HT levels in colon of the latter (Yano et al., 2015; Hata et al., 2017; Yang et al., 2017), which seems to be quite contrary to our result. After all, germ-free mice are different from normal mice. SGD gavage, transplanting FML2, or transplanting FML3 could decrease the high level of 5-HT in colon of WAS rats by normalizing the number of ECs and the expression of SERT in colon maybe via regulating gut microbiota. Cao et al. (2018) have shown that the supernatant of Lactobacillus acidophilus and Bifidobacterium longum could upregulate the mRNA and protein levels of SERT in intestinal epithelial cells. We did not know what component of FML derived from control rats, i.e., FML2, exerted their regulating effect on IBS symptoms, 5-HT level, ECs number, and SERT expression in colon of WAS rats yet.

To further identify microbiota or their metabolites in FML2 play the primary role in alleviating the IBS-like symptoms of WAS rats, we compared the effect of filtered FML2 (generally, it is regarded that bacteria can be eliminated by a 0.45 μm filter) and unfiltered FML2 on the IBS-like symptoms of WAS rats. It was found that filtered FML2 and unfiltered FML2 are equally effective. We speculated that the metabolites of the microbiota seem to play a major role in FMT. Certainly, this speculation needs to be confirmed further. In fact, a similar report has shown that filtered fecal solution FMT could treat Clostridium difficile infections (Ott et al., 2017). Recent studies suggested that changes in metabolites of intestinal microbiota such as short-chain fatty acids (SCFAs) and bile acids may be involved in the pathogenesis of IBS. A meta-analysis on the levels of SCFAs in feces from healthy people and from patients with IBS suggested that butyrate in feces from patients with IBS-D is significantly increased and that propionate and butyrate in feces from patients with IBS-C are significantly decreased compared with that in feces from healthy people (Sun et al., 2019). The significantly increased concentration of SCFAs in feces of IBS-D model mice has also been reported (Shaidullov et al., 2021). It has been realized that changes in bile acid metabolism are associated with diarrhea and VH in patients with IBS (Wei et al., 2020). Li et al. (2019) have shown that bile acid induces VH through signal transduction of mucosal mast cells to pain receptors.

In summary, our data suggested that both SGD and FMT with healthy FML can effectively improve IBS-like symptoms and regulate colon 5-HT levels in WAS rats, but they have no synergistic effect. Therefore, the combination of FMT and traditional Chinese medicine compounds like SGD is not clinically recommended for IBS. The metabolites of intestinal microbiota may play an important role as effective substances in the treatment of FMT on IBS. Therefore, when using FMT for IBS, we recommend filtered FMT, which can effectively reduce infection risk due to microbiota invasion (Ott et al., 2017). Nevertheless, the animal model could not fully reflect the pathophysiology of human disease, and the therapeutic effect of FMT combined with or without SGD on patients with IBS needs to be further verified.
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In recent years, many studies have shown that the gut microbiota can affect the occurrence and development of a variety of human diseases. A variety of skin diseases are related to the regulation of the gut–skin axis, such as psoriasis, atopic dermatitis, and acne. Gut microbial dysbiosis can promote the development of these diseases. The gut microbiota can affect estrogen metabolism, β-glucuronidase secreted by the gut microbiota can promote the reabsorption of estrogen by the gut, and estrogen is transported to other parts of the body through the circulatory system. The occurrence and development of melasma are closely related to abnormal metabolism of estrogen. The relationship between the structure of the gut microbiota and melasma remains unclear. Epidemiological surveys were conducted in patients with melasma and healthy subjects (control group) in this study. The feces were collected for 16S rRNA sequencing analysis of the gut microbiota. To compare the similarities and differences in species diversity of the gut microbiota between these two groups, we calculated the α-diversity and β-diversity indices and analyzed the differences between them. We found that the abundance of Collinsella spp., Actinomyces spp. (belonging to Actinobacteria), Parabacteroides spp., Bacteroides spp., Paraprevotella spp. (belonging to Bacteroidetes), Blautia spp., and Roseburia spp. (belonging to Firmicutes) in the melasma group were significantly different compared with that in the healthy group. The largest difference was found in Actinobacteria (p < 0.05), and there were also significant differences in the abundance of Coriobacteriia, Actinobacteria, Coriobacteriales, Coriobacteriaceae, and Collinsella spp. between the two groups (all p < 0.05). Many of these differences in the microbiota were closely related to the production of β-glucuronidase and the regulation of estrogen synthesis or metabolism. Changes in the gut microbiota structure and the biological effects of Collinsella spp. in the microbiota in patients with melasma can play an important role in the occurrence and development of melasma by affecting the body’s estrogen metabolism. This study provides a theoretical basis and experimental data reference for future studies on the relationship between the gut microbiota and melasma, and may be helpful for the prevention and treatment of melasma.
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Introduction

The gut microbiota is the largest and most complex micro-ecosystem in the human body, and it has metabolic functions that the rest of the body does not possess. In recent years, investigation of the effect of the gut microbiota on human health has received widespread attention. Numerous studies have shown that the gut microbiota is closely related to multiple systems in the human body (Adak and Khan, 2019; Qi et al., 2021). With regard to the gut microbiota and skin diseases, previous studies mainly focused on inflammatory skin diseases, such as psoriasis, atopic dermatitis, and acne (De Pessemier et al., 2021). At present, only the relationship between gut microbial dysbiosis and vitiligo has been preliminarily discussed (Ni et al., 2020). There have been few studies on non-inflammatory skin diseases, especially pigmented dermatosis.

At present, an increasing number of studies are actively examining the relationship between the gut microbiota and skin diseases, which has led to the concept of the gut–skin axis. The gut–skin axis links the gut microbiota to skin diseases through the gut barrier, inflammatory mediators, and metabolites (De Pessemier et al., 2021). How the gut microbiota affects skin diseases by regulating the gut–skin axis has become a hot topic of research. Previous studies have shown a bidirectional connection between the gut microbiota and skin homeostasis, gut microbial dysbiosis plays a special role in the pathophysiological process of the occurrence and development of a variety of inflammatory diseases. These diseases can promote the development of psoriasis, atopic dermatitis, acne, and others (Shah et al., 2013; Thrash et al., 2013; Salem et al., 2018). Additionally, the consumption of probiotics or live bacteria that benefit the gastrointestinal system may also prevent and control the occurrence of these skin diseases (Salem et al., 2018; De Pessemier et al., 2021).

Melasma is a stubborn pigmented dermatosis that is difficult to treat and easy to relapse after treatment, and it is a non-inflammatory skin disease. Melasma is more common in women than in men and can occur from puberty to menopause. The occurrence and development of melasma are closely related to estrogen concentrations (Lee, 2015; Filoni et al., 2019). Studies suggested the gut microbiota can affect estrogen metabolism (Plottel and Blaser, 2011; Flores et al., 2012a; Qi et al., 2021). The β-glucuronidase secreted by certain gut microbiota can deconjugate metabolized estrogen and phytoestrogen and promote their reabsorption by the gut. Estrogen is transported to distal parts of the body through the circulatory system, such as the skin and vagina (Baker et al., 2017). Previous studies demonstrated that the expression of estrogen receptors in skin lesions in patients with melasma is upregulated, estrogen then binds to the relevant estrogen receptors and affects the formation of melasma (Lieberman and Moy, 2008; Lee, 2015; Baker et al., 2017).

At present, the relationship between the gut microbiota and melasma is unclear. This study aimed to investigate the characteristics of the gut microbiota in patients with melasma and to examine the relationship between the gut microbiota and melasma to provide an experimental basis and theoretical support for the prevention and treatment of melasma.



Materials and methods


Subjects

In this study, we recruited 30 patients with melasma and 30 healthy people as controls in the First Affiliated Hospital of Dalian Medical University. All participants were from Dalian (Liaoning Province, China). We used questionnaires to collect information of the participants, such as age, sex, body mass index, marital and fertility status, menstrual status, bowel habits, sunscreen habits, dietary habits and disease conditions. The non-pregnant, non-menstruating women were retained as study participants. None of them had a history of taking special medications such as birth control pills. The clinical type of skin lesions in the patients was zygomatic. Then excluding those who had received systemic antibiotic treatment within 3 months before fecal samples were collected, and people with diseases which related to estrogen or gut microbial dysbiosis (e.g., gynecological, digestive and immune diseases). Finally, 7 patients with melasma and 10 healthy people as controls were retained. All patients with melasma were assessed by the modified Melasma Area and Severity Index (mMASI; Pandya et al., 2011) and examined by dermatologists. This study was approved by the Ethics Committee of the First Affiliated Hospital of Dalian Medical University, and all participants signed informed consent forms.



Collection of fecal samples and DNA extraction

In all participants, fresh fecal samples were collected by fecal microbial DNA collection and preservation kits (TinyGene, Shanghai, China). All consumables were aseptic, and fecal samples were frozen and stored at −80°C after collection. Subsequently, the genomic DNA of samples was extracted by the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany).



16S rRNA amplification and sequencing

The sequences in the V4-V5 region of 16S rRNA were selected, and pair-end sequencing was performed in accordance with the requirements of Illumina Miseq high-throughput sequencing. After the target region and fusion primers were designed, two-step polymerase chain reaction (PCR) amplification was performed. The PCR product was recovered by using the AxyPrepDNA gel recovery kit (Axygen Scientific Inc., Silicon Valley, United States). Real-time fluorescence quantification was performed using an FTC-3000TM real-time PCR system (Funglyn, Shanghai, China). The PCR products from different samples were indexed and mixed at equal ratios, to complete the construction of an Miseq library. Then used for high-throughput sequencing and bioinformatics analysis.



Microbiome analysis and statistical analysis

We distributed the sample reads from the raw data obtained by sequencing through a barcode to obtain the effective sequence of samples. After low-quality sequences at the ends were removed by Trimmomatic,1 Flash software2 was used to merge the paired reads into a sequence according to the overlap relationship between PE (Pair-end) reads. Additionally, Mothur software3 was used for quality control and filtering to obtain an optimized sequence. Subsequently, operational taxonomic unit (OTU) clustering was performed by UPARSE software4 under a similarity of 97%. Additionally, the chimera generated by PCR amplification was removed by UCHIME software, and the singleton OTUs were removed. The OTU representative sequence was compared using Mothur and the Silva 128 database, and species information was annotated. A statistical analysis of community structure was conducted at different classification levels.

We then conducted α-diversity and β-diversity analysis using Mothur. For α-diversity analysis, Chao, ACE, Shannon, and Simpson index values under different random sampling were calculated, and the non-parametric Wilcox test was used to analyze differences. For β-diversity analysis, Bray–Curtis analysis based on OTUs and species information was used, and ANOSIM was used to analyze differences. We plotted curve charts, box plots, sample clustering tree and histogram combination analysis diagram, and histograms of species distribution by using R language.

To identify differences in abundance in the gut microbiota between patients with melasma and controls, we used the t-test, the Wilcoxon non-parametric test, matastats (differentially abundant features analysis), and the linear discriminant analysis (LDA) effect size method. According to the obtained OUT or community abundance data, rigorous statistical methods were used for comparative analysis. The t-test and the Wilcoxon non-parametric test were adopted in the ggpubr package in R language. Matastats analysis used the metastas command in Mothur. In LEfSe analysis, a p < 0.05 (Kruskal–Wallis test) and log10[LDA] ≥2.0 were considered to indicate a significant difference in microorganisms.




Results


General information and epidemiological survey statistics

We collected fecal samples from patients in the melasma group (Group M, age: 39.57 ± 7.76 years) and healthy subjects in the control group (Group B, age: 36.4 ± 6.29 years). The mean mMASI score was 3.32 ± 1.15. There were significant differences in dietary habits between the two groups (p < 0.05). Different from the healthy people, the patients with melasma had a harmful habit of a high-fat diet. Details of the participants are shown in Table 1.



TABLE 1 Characteristics of patients with melasma and controls.
[image: Table1]



Characteristics of the gut microbiota in patients with melasma

To compare the similarities and differences in species diversity of the gut microbiota between the two groups, we calculated the α-diversity index and analyzed the differences between them. We found that there was no significant difference in α-diversity between the two groups (p = 0.41). This lack of finding suggested that there was no significant difference in species diversity of the gut bacteria between the two groups (Figures 1, 2).

[image: Figure 1]

FIGURE 1
 Comparison of α-diversity between Group M and Group B. ACE index dilution curve chart. There was no significant difference in α-diversity between the two groups.


[image: Figure 2]

FIGURE 2
 Comparison of α-diversity between Group M and Group B. ACE index non-parametric Wilcox test box plot (p = 0.41). There was no significant difference in α-diversity between the two groups.


To compare differences in species diversity between Group M and Group B (comparison of the similarity between samples), we conducted β-diversity analysis. A sample clustering tree and histogram combination analysis diagram (Figure 3) showed obvious convergence of samples in Group M and Group B, and samples that had similar β-diversity were clustered together. This finding suggested that there was a difference in the gut microbiota between the two groups, and the gut microbiota in Group M showed obvious similarities.

[image: Figure 3]

FIGURE 3
 β-Diversity analysis of Group M and Group B. A sample clustering tree and histogram combination analysis diagram at the species level is shown. The left side shows a hierarchical clustering analysis between samples based on community composition. The two groups of samples show the phenomenon of convergence in the same group. The right side shows a histogram of a community structure of the corresponding samples.


A sample community structure histogram (Figure 3) and species distribution histogram (Figures 4, 5) show the relative abundance of different bacteria. We found that, at the phylum level, the highest abundance was Bacteroidetes, followed by Firmicutes, Proteobacteria, Tenericutes, Actinobacteria in the two groups. At the species level, the overall abundance of Bacteroides spp., such as B. vulgatus, B. plebeius, B. coprocola (belonging to Bacteroidetes) in the gut bacteria in Group M was different from that in Group B. The results of α-diversity and β-diversity analyses suggested that although the gut microbiota in Group M was not significantly different from that in Group B, the abundance of part of the microbiota was different. Additionally, these microbial strains and their biological function would be a priority for investigation.

[image: Figure 4]

FIGURE 4
 Histogram of species distribution of bacterial microbiota in Group M and Group B. Phylum level. The dominant bacteria in the gut microbiota of the two groups of samples were Bacteroidetes, Firmicutes, Proteobacteria, Tenericutes, and Actinobacteria, and their abundance was different between the two groups.
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FIGURE 5
 Histogram of species distribution of bacterial microbiota in Group M and Group B. Species level. Under the existing detection and identification methods, the microbial strain (pink) that could not be annotated in the gut microbiota in Group M was significantly higher than that in Group B. The overall abundance of the dominant bacterial microbiota such as Bacteroides vulgatus (yellow), B. plebeius (light green), B. coprocola (dark green) belonging to Bacteroidetes in Group M was also different from that in Group B.


We further investigated the differences in abundance in the gut microbiota between the groups. Significant differences (p < 0.05) that were found under each classification level (phyla, class, order, family, genus, species, and OTU). LDA effect size analysis showed that some microbiota showed a significant difference in abundance between the two groups. The significant differences and biological relevance of microbial strains between the two groups are displayed in a clustering tree (Figure 6). Some microbial strains in the gut microbiota in Group M that showed significant differences from those in the gut microbiota in Group B are shown in Tables 2, 3.

[image: Figure 6]

FIGURE 6
 LDA effect size analysis between Group M and Group B. (A) Microbial species with a significant difference in abundance and a significant effect between the two groups. (B) A clustering tree. The concentric circles from the inside to the outside represent the classification levels of phylum, class, order, family, and genus (or species). The green and red nodes indicate microbial species that played an important role in groups M and B. The diameter of the node circle is proportional to the relative abundance of the taxonomic microbiota, which reflects a significant difference in microbial strains between the two groups and their biological correlation.




TABLE 2 Summary of the abundance of microbial strains at different species levels between Group M and Group B.
[image: Table2]



TABLE 3 Microbial strains with significant differences at each classification level between Group M and Group B.
[image: Table3]

Notably, at the phylum level, the abundance of Actinobacteria in Group M was significantly lower than that in Group B (p < 0.05). There were also significant differences in the abundance of Coriobacteriia, Actinobacteria, Coriobacteriales, Coriobacteriaceae, and Collinsella spp. between the two groups (all p < 0.05). These findings suggested that the differential microbiota between patients with melasma and healthy subjects, and may play an important role in the occurrence of melasma. Additionally, the abundance of Bacteroidetes, Firmicutes, and Proteobacteria was different in some microbial strains between the two groups. There were also significant differences in the abundance of Tenericutes, Mollicutes, Deltaproteobacteria, Desulfovibrionales, Desulfovibrionaceae, Terrisporobacter spp., Holdemanella spp., Parasutterella spp. between the two groups. This finding suggested that these genera may play a co-regulatory role in the occurrence and development of melasma (Table 3; Figure 6).




Discussion

The gut microbiota, which has recently received a lot of attention, is related to inflammatory skin diseases (De Pessemier et al., 2021). However, there have been limited studies on the gut microbiota and pigmented dermatosis (Ni et al., 2020), and no studies on melasma have been reported.

The gut microbiota secretes β-glucuronidase to dissociate estrogen in the early stage, promotes its reabsorption of estrogen into the blood through the intestines, and transports estrogen to distal parts of the body to bind with the estrogen receptor to take effect. Therefore, the gut microbiota affects the metabolism of human estrogen. In this process, the gut microbiota and estrogen act on the distal effector sites through circulatory metabolism (Baker et al., 2017; De Pessemier et al., 2021). Studies have shown that estrogen concentrations in patients with melasma are abnormal compared with those in the healthy population (Pérez et al., 1983; Lee, 2015). Additionally, the expression of estrogen receptors in skin lesions in patients with melasma is upregulated (Lieberman and Moy, 2008; Lee, 2015), which further confirms the role of estrogen in this disease. Whether the gut microbiota in patients with melasma is different from that in the healthy population, whether there are some characteristic components of the microbiota, and whether these will affect the occurrence and development of melasma, are important issues that need to be examined.

In the healthy human intestines, the relative abundance of Bacteroidetes and Firmicutes accounts for more than 90% of the gut microbiota, and they play a major role in maintaining gut homeostasis, while Proteobacteria and Actinobacteria only account for nearly 10% (Arumugam et al., 2011; Segata et al., 2012). Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria constitute the four main phyla in the human gut microbiota (Arumugam et al., 2011; Segata et al., 2012). The abundance of Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria in the intestines in patients with melasma was different from that in the healthy population, especially for Actinobacteria. Many of the differential microbiota are related to the metabolic regulation of estrogen in the body, indicating that they may play an important role in the occurrence of melasma.

Although Actinobacteria accounts for a small proportion of the gut microbiota, it showed the most significant difference in abundance between patients with melasma and healthy people. Actinobacteria also plays an important role in maintaining homeostasis of the gut environment (Binda et al., 2018). Moreover, its secondary metabolites are abundant, has important biological value, and it can produce naturally derived antibiotics, antifungals, anthelmintics, and anticancer compounds, which can be applied clinically (Barka et al., 2016). The most common Bifidobacteria in the Actinobacteria family is also a widely used probiotic (Binda et al., 2018). Our study showed that the abundance of Actinobacteria in patients with melasma was significantly lower than that in healthy people. There were also significant differences in the Coriobacteriia, Actinobacteria, Coriobacteriales, Coriobacteriaceae, and Collinsella spp. between the two groups. Actinobacteria can participate in the aerobic degradation of estrogen (Yu et al., 2013; Wu et al., 2019). Coriobacteriaceae has also been reported to be involved in the synthesis of the phytoestrogen S-equol. S-equol reduces the incidence of menopausal symptoms, osteoporosis, skin aging, hair loss, prostate cancer, and ovarian cancer by selectively activating estrogen receptors, and has a variety of biological and clinical uses (Lee et al., 2018).The findings suggest that the differential microbiota may play an important role in the occurrence of melasma as a characteristic part of the microbiota in these patients. A decrease in the abundance of Actinobacteria in the microbiota may affect estrogen concentrations of the body, and then affect the occurrence and development of melasma. This possibility could provide a new target for the prevention and treatment of melasma.

As dominant members of the microbiota with the highest proportion in the human gut, Bacteroidetes and Firmicutes are important for biological function. Studies have shown that Bacteroidetes degrades polysaccharides, and may promote inflammation and stimulate angiogenesis (Johnson et al., 2017). Firmicutes member Lactobacillus is also a common probiotic that helps the body absorb energy and fat (Jeong et al., 2017). Disorder of Bacteroidetes and Firmicutes are also been related to skin diseases such as psoriasis (Sikora et al., 2020). There have been reports that Clostridia (belonging to Firmicutes) affects estrogen concentrations in the body through β-glucuronidase. Moreover, estrogen can reverse changes in the microbiota, forming a two-way regulation (Flores et al., 2012a,b). In our study, we found that the abundance of Bacteroidetes and Firmicutes and Bacteroides spp. (belonging to Bacteroidetes), Clostridia and Blautia spp. (belonging to Firmicutes) were different between patients with melasma and healthy people. They can regulate the secretion and activity of β-glucuronidase, thereby affecting the body’s estrogen concentrations (Gloux et al., 2011; Flores et al., 2012a; Pellock et al., 2018; Creekmore et al., 2019; Dai et al., 2019; Ibrahim et al., 2019; Zhang et al., 2019). These results indicate that the differential microbiota may play a co-regulatory role in the occurrence and development of melasma.

In addition, we conducted an epidemiological study on patients with melasma, and found that these patients, unlike healthy people, had a bad habit of a high-fat diet. Studies have shown that different dietary patterns can affect the growth and reproduction of Actinobacteria, Bacteroidetes and Firmicutes (Brahe et al., 2015; Guo et al., 2017). In this study, we found gut microbial dysbiosis in patients with melasma, with a decrease in Actinobacteria and Bacteroidetes and an increase in Firmicutes, which may have been related to the patients’ high-fat diet. This finding suggested that patients should improve their dietary habits or consume probiotics (e.g., Bifidobacterium, Lactobacillus) to regulate the gut microbiota (Gibson and Roberfroid, 1995; Menon et al., 2013). Adjustment of the ratios of Actinobacteria, Bacteroidetes, and Firmicutes in the human gut and improving the structure of the gut microbiota may be an auxiliary means to improve the patient’s condition or prevent the occurrence of diseases.

In conclusion, the gut microbiota structure in patients with melasma is different to that of healthy people. The abundance of Collinsella spp., Actinomyces spp. (belonging to Actinobacteria), Parabacteroides spp., Bacteroides spp., Paraprevotella spp. (belonging to Bacteroidetes), Blautia spp., Roseburia spp. (belonging to Firmicutes), and that of other members of the microbiota are different from those of healthy people. In particular, Collinsella spp. is a characteristic member of the microbiota in patients with melasma. The biological effects of these differential microbiota play an important role in the occurrence and development of melasma by affecting estrogen metabolism. This study provides a theoretical basis and experimental data reference for future studies on the relationship between melasma and the gut microbiota. Add the gut–skin axis in the understanding of melasma pathogenesis, may be helpful for the prevention and treatment of melasma.
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Fungal growth is closely related to virulence. Finding the key genes and pathways that regulate growth can help elucidate the regulatory mechanisms of fungal growth and virulence in efforts to locate new drug targets. Fusarium oxysporum is an important plant pathogen and human opportunistic pathogen that has research value in agricultural and medicinal fields. A mutant of F. oxysporum with reduced growth was obtained by Agrobacterium tumefaciens-mediated transformation, the transferred DNA (T-DNA) interrupted gene in this mutant coded a hypothetical protein that we named FoDbp40. FoDbp40 has an unknown function, but we chose to explore its possible functions as it may play a role in fungal growth regulatory mechanisms. Results showed that F. oxysporum growth and virulence decreased after FoDbp40 deletion. FOXG_05529 (NCBI Gene ID, isocitrate lyase, ICL) was identified as a key gene that involved in the reduced growth of this mutant. Deletion of FoDbp40 results in a decrease of more than 80% in ICL expression and activity, succinate level, and energy level, plus a decrease in phosphorylated mammalian target of rapamycin level and an increase in phosphorylated 5′-adenosine monophosphate activated protein kinase level. In summary, our study found that the FoDbp40 regulates the expression of ICL at a transcriptional level and affects energy levels and downstream related pathways, thereby regulating the growth and virulence of F. oxysporum.
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Introduction

Fusarium species belong to a large genus of filamentous fungi which can infect plants and humans. In 2022, Fusarium species were incorporated in High Priority Group of the WHO fungal priority pathogens list (WHO, 2022). Fusarium oxysporum can infect cotton, rice, wheat, and other crops, causing diseases including cotton wilt, crown rot in cereal crops, and head blight in wheat. The fungus seriously affects food safety and causes huge economic loss (Kazan and Gardiner, 2018; Melotto et al., 2020; Zhu et al., 2021). Fusarium species are also important opportunistic pathogens in humans, mainly causing corneal infection (keratitis; Alkatan and Al-Essa, 2019), but it can also cause invasive and disseminated infection in immunocompromised people, posing threats to human health (Nucci and Anaissie, 2007; Muraosa et al., 2017).

Fungi virulence is closely related to growth. The cell wall is an essential structure for fungal growth, and some components of cell wall, such as β-1,3-glucans, can participate in activating host immune response and affect virulence in Aspergillus fumigatus (Chotirmall et al., 2014). In Cryptococcus neoformans, a microtubule-associated CAP-glycine protein (Cgp1) can promote the production of capsules, thereby enhancing virulence (Wang et al., 2018). In Aspergillus fumigatus, Beauveria bassiana, and Fusarium graminearum, strains with slowed growth and sporulation were found to have lower virulence (Paisley et al., 2005; Safavi et al., 2007; Wang et al., 2021). Therefore, studying and finding key regulatory factors, mechanisms, and pathways that regulate fungal growth is crucial to understanding the fungal growth profile, finding new drug targets, and fungal prevention and control methodologies.

Hypothetical proteins are proteins predicted to be expressed from an open reading frame, but with unknown function. Presently, scores of hypothetical proteins exist in the genomes of various animals, plants, fungi, and microorganisms, potentially involving diverse biological processes, including gene expression and protein folding, as well as various life functions, such as host-pathogen interactions and drug tolerance (Wang et al., 2012; Uddin et al., 2019; Pranavathiyani et al., 2020). Hypothetical proteins that regulate growth and virulence have been found in the bacteria Chlamydia trachomatis and fungi Magnaporthe grisea, among many others (Chen et al., 2006; Lin et al., 2021).

The glyoxylate metabolism pathway is an anabolic variation of the TCA cycle that occurs in most other organisms and converts isocitrate to glyoxylate and succinate. It plays an important role in the growth, pathogenesis, and stress tolerance of fungi such as yeast and Fusarium species (Park et al., 2016; Vico et al., 2021). ICL is a key enzyme in the glyoxylate metabolism pathway, responsible for catalyzing the synthesis of succinate, thereby regulating carbon metabolism and ATP synthesis (Gengenbacher et al., 2010; Selinski and Scheibe, 2014). ICL is not present in human and is, therefore, a potential therapeutic target against fungal infection (Bhusal et al., 2017).

Nucleic acid-binding proteins can bind to specific sequences of DNA or RNA and are involved in the transcriptional regulation of cellular processes, such as DNA damage repair and gene expression (Andres et al., 2019; Bartas et al., 2021). Zinc finger proteins are the most abundant class of transcription factors in eukaryotic genomes. These proteins can bind to DNA or RNA, even protein to regulate transcription and play an important role in many life processes (Corkins et al., 2013; Zou et al., 2018). According to protein sequence, fold, and function, zinc finger proteins can be divided into over 20 primary types, such as C2H2, CCHC, CCCH and so on. Current research mainly focuses on C2H2 type zinc finger proteins (Interpro IPR036236), which have the zinc ion coordinated by two cysteine and two histidine residues. CCCH-type zinc finger proteins have a zinc ion coordinated by three cysteines and a single histidine (C-x8-C-x5-C-x3-H; Interpro IPR036855) and account for about 0.8% of zinc finger proteins (Berg and Shi, 1996), but have seldom been reported in fungi. CCCH zinc finger proteins are known as RNA-binding proteins and associated with post-transcriptional regulation of mRNA (Fu and Blackshear, 2017). In addition to its role in RNA metabolism, recent studies demonstrated that CCCH zinc finger proteins also modulate transcription (Zou et al., 2018; Wang et al., 2022). A RNA-binding CCCH zinc finger protein Zc3h10 was also proved to activate UCP1 promoter by binding to a distal upstream region (Yi et al., 2019).

In this study, a mutant of F. oxysporum with reduced growth was obtained by Agrobacterium tumefaciens-mediated transformation (ATMT), in which the expression of main genes involved in glyoxylate metabolism pathway were down-regulated. The T-DNA interrupted gene FOXG_12762 encodes a hypothetical protein containing CCCH-type zinc finger--FoDbp40 [Fo for F. oxysporum, Dbp for DNA binding protein, 40 (kDa) for the calculated molecular mass]. The regulation of the expression of ICL by FoDbp40 was elucidated, and the influence of FoDbp40 on the growth and virulence of F. oxysporum was discussed.



Materials and methods


Construction of random insertion Fusarium oxysporum mutants

Wild type F. oxysporum JLCC31768 and Agrobacterium tumefaciens AgrN (containing plasmid pXEN carrying neomycin and kanamycin resistance tags[neo]) were used to generate F. oxysporum mutants (He et al., 2021). Wild type and AgrN (Table 1) were preserved at and obtained from the Jilin University Mycology Research Center (Jilin, China).



TABLE 1 Strains used in this study.
[image: Table1]

ATMT of F. oxysporum was performed as described previously to obtain mutants with single-strand transferred DNA (T-DNA) inserts (He et al., 2021). The DNA of randomly selected mutants containing the neo gene was isolated and amplified using DNA extraction kits (Beyotim, Shanghai, China) and specific neoF and neoR primers (He et al., 2021). The products were then sequenced by Comate Bioscience Co., Ltd. (Jilin, China) to confirm whether T-DNA was inserted into the F. oxysporum genome.



Analysis of T-DNA interrupted gene

Sequences flanking the inserted T-DNA were amplified by touchdown thermal asymmetric interlaced polymerase chain reaction (TAIL-PCR) using previously described primers (Gao et al., 2016). The products were sequenced (Comate Bioscience Co., Ltd. Jilin, China) and aligned against the F. oxysporum f. sp. lycopersici genome (GCF_000149955.1) using the Basic Local Alignment Search Tool (BLAST1) to determine the insertion sites (Lorenzini and Zapparoli, 2019). Bioinformatic analysis for nuclear localization signals was performed by NLStradamus program (Cheng et al., 2019; http://www.moseslab.csb.utoronto.ca/software/).



Construction of the FoDbp40 deletion and complementation strain

We based the method for constructing the targeted knockout of FoDbp40 on homologous genetic recombination by ATMT, with the neo marker gene replacing the target gene (He et al., 2021). Primers used are listed in Supplementary Table S2.

Our complementation strain was constructed according to methods described earlier (Roth and Chilvers, 2019). The FoDbp40 open reading frame and its own terminator region were amplified separately. To visualize the localization of FoDbp40 in F. oxysporum, the enhanced green fluorescent protein (EGFP) open reading frame was amplified from pEGFP-N3 by PCR. The resulting three DNA fragments were ligated using a One Step Cloning kit (Vazyme, Nanjing, China) and the resulting construct was transformed into protoplasts to create the deletion mutant we named Δ12762. The verification of the deletion and complementation were completed by PCR and observed phenotype. Primers used for all reactions are listed in Table 2. Graphs showing mechanism of the methods were also provided in Supplementary Figures S1, S2.



TABLE 2 Primers used for the vector construction.
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Growth analysis and microscopic examination

Fusarium oxysporum was grown on potato dextrose agar (PDA) for 5 days at 25°C for growth analysis. The conidia were washed down with sterile 0.85% saline containing approximately 1%—Tween® 20 and diluted to 1 × 105 CFU/ml. Then 2 μl of the suspension was dripped onto PDA plates and grown for 5 days at 25°C. Conidia were collected from 5-day-old cultures on PDA. The quantification for each strain was performed in triplicate. Each plate was washed three times with sterile 0.85% saline containing approximately 1%—Tween® 20 and the conidia suspension were adjusted to appropriate volume.

Slide cultures were prepared and then examined with microscope after lactophenol cotton blue staining. To visualize the localization of FoDbp40, the slide cultures were stained with 10 μg/ml 4′,6-diamidino-2-phenylindole (DAPI; Beyotime, Jiangsu, China) for nuclei staining, and then examined with a BX53 microscope (Evident Olympus, Tokyo, Japan).



Virulence assay

Human corneal epithelial cells (HCEC) were purchased from BeNa culture collection (Jiangsu, China), maintained in Minimum Essential Medium (MEM; XP Biomed Ltd., Shanghai, China) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco, New York, NY, USA) and cultured in 60 ml flasks kept at 37°C in a humidified incubator containing 5% CO2.

For in vitro cytotoxicity assay, the cultured HCEC were co-cultured with F. oxysporum conidia for 24 h (Kolar et al., 2017) in 96-well plates (1 × 104 cells/well), then the lactate dehydrogenase (LDH) released from the cultured HCEC was measured using a lactate dehydrogenase cytotoxicity assay kit (Beyotime, Jiangsu, China; Jin et al., 2007).

An in vivo virulence assay was performed with AB strain zebrafish (ZFIN ID: ZDB-GENO-960809–7) as previously described (Laanto et al., 2012). Briefly, zebrafish (three-day post-fertilization) were infected with the F. oxysporum conidia by bathing. The fish were individually challenged with 1 × 104 CFU/ml conidia, and survival was recorded every 12 h. All the experiments in this study were approved by the animal ethics committee of Jilin University.



Analysis of gene expression by RT-qPCR

The RNA extraction and construction of cDNA libraries was performed as described previously (He et al., 2021; Wei et al., 2022). Conidia of F. oxysporum (1 × 106 CFU) were added to PDB medium and incubated for 24 h. The mycelia were collected and ground to a powder in liquid nitrogen. Total RNA was extracted from the ground material using RNAiso Plus (TaKaRa, Japan). Real-time, quantitative PCR (RT-qPCR) analysis was performed with a SYBR Green master mix (Monad, Shanghai, China) and the ABI QuantStudio 3 PCR system (Applied Biosystems, Waltham, MA, USA). Relative expression levels of the genes were calculated using the threshold cycle (2−ΔΔCT also known as 22DDCT) method (Livak and Schmittgen, 2001). Gene expression levels were normalized against the expression of the 18S rRNA housekeeping gene (Table 3). Details regarding the relevant primers are provided in Supplementary Table S3.



TABLE 3 Primers used for qPCR.
[image: Table3]



ICL activity assay and measurement of succinic acid

Isocitrate lyase (ICL) activity was measured with an ICL activity assay kit of (Comin Corporation, Suzhou, China). After 24 h cultured in PDB, mycelia were collected and ground to a powder in liquid nitrogen. The mycelium powder was homogenized in 200 μl distilled water, and then centrifuged at 12,000 g at 4°C for 15 min. The supernatant was treated according to manufacturer’s protocol, and the absorbance of the samples at 340 nm was detected using a spectrophotometer (Agilent Biotek, Santa Clara, CA, USA). The ICL activity was expressed as nmol/min/g.

Succinic acid was detected by high performance liquid chromatography (HPLC). A RIGOL (Suzhou, China) L3000 chromatograph and RIGOL C18 reversed-phase column (250 mm × 4.6 mm, 5 μm) were employed. The mobile phase was prepared as follows: 1.56 g of sodium dihydrogen phosphate was dissolved in 800 ml of water, then 16 ml of methanol was added and the pH was adjusted to 4–5 with a phosphoric acid solution; 10 μl of samples were loaded; the flow rate was 0.8 ml/min; the column temperature was 30°C; the sampling time was 30 min at 214 nm UV.



Luciferase reporter assay

The FOXG_12762 (NCBI Gene ID, mRNA accession XM_018392621) CDS region was inserted into the pEGFP-N3 (Takara Clontech, Kyoto, Japan) multiple cloning site (MCS) to construct our FoDbp40-EGFP fusion protein expression vector (vector 1). The FOXG_05529 (NCBI Gene ID, isocitrate lyase) promoter region (regarded as −2,000 to +200) was inserted upstream of luc2 in pGL4.10 (Promega, Madison, WI, USA) to construct our 05529pro-luc2 expression vector (vector 2).

Human embryonic kidney 293 (HEK-293) cells were maintained in high-glucose, GlutaMAX™ Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fischer Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated FBS (Gibco Thermo Fischer Scientific, Waltham, MA, USA) and cultured in 60 ml flasks kept at 37°C in a humidified incubator containing 5% CO2. For transfections, HEK-293 cells were grown in FBS-containing medium in six-well plates until they reached 70% confluency. The transfection solution was prepared by mixing vector 1, pGL4.10 (Promega, Madison, WI, USA) basic vector or vector 2, pGL4.74 (Promega, Madison, WI, USA) containing the luciferase reporter gene hRluc for internal reference, Lipofectamine® 3,000 (Invitrogen Thermo Fischer Scientific, Waltham, MA, USA). Twenty-four hours later fluorescence from the enhanced green fluorescent protein (EGFP) was examined under an Olympus Model IX71 fluorescent microscope (Evident Olympus, Tokyo, Japan) to judge whether the FoDbp40-EGFP fusion protein was successfully expressed. Firefly and Renilla luminescence were tested using a Dual-Glo® Luciferase Assay System (Promega, Madison, WI, USA)2 with a spectrophotometer (Agilent Biotek, Santa Clara, CA, USA). The relative expression of luc2 was expressed as the ratio of firefly to Renilla luminescence signal. HEK-293 cells and pEGFP-N3 were obtained from Jilin University Mycology Research Center (Jilin, China). Primers used are provided in Supplementary Table S2.



ATP level assay

Mycelia ATP levels were determined using an ATP assay kit (Beyotime, Jiangsu, China) according to the manufacturer’s instructions. After 24 h cultured in PDB, 100 mg of mycelia were collected and ground into powder in liquid nitrogen, the powder was homogenized in a lysis buffer and then centrifuged at 12,000 g for 5 min at 4°C. The supernatant was mixed with the working solution. The mixture was put into microwell plates and fluorescence intensity was measured with a spectrophotometer (Agilent Biotek, Santa Clara, CA, USA). The ATP levels were expressed as nmol/g.



Western blot analysis

The western blot method was performed as previously described (Li et al., 2010). 1 × 106 conidia were inoculated in 50 ml of potato dextrose broth (PDB) and cultured with shaking at 28°C for 24 h. Mycelia were harvested and ground into powder in liquid nitrogen, then suspended in radioimmunoprecipitation assay (RIPA) buffer containing 1 mM phenylmethylsulfonyl fluoride (PMSF). 20 μg of sample was loaded in each lane of a 10% SDS-PAGE gel. After electrophoresis, the samples were transferred to a polyvinylidene fluoride (PVDF) membrane. The membrane was then blocked with Tris-buffered saline with 0.1% Tween® 20 detergent (TBST) buffer containing 5% milk. After incubation with primary and secondary antibodies, blots were developed using enhanced chemiluminescence (ECL) western blot detection reagent (Bio-Rad, Hercules, California, USA) and images were acquired using a Tanon 4,200 Chemiluminescence Imaging System (Tanon, Shanghai, China). Antibodies used (anti-Actin, anti-AMPK alpha-1, anti-Phospho-AMPK alpha-1, mTOR, and anti-Phospho-mTOR) were purchased from Invitrogen (Thermo Fischer Scientific, Waltham, MA, USA).



Statistical analysis

All statistical analyses were performed using GraphPad Prism software version 6 (Dotmatics, San Diego, CA, USA). One-way analysis of variance followed by t-test was used for comparisons between the groups. p < 0.05 was considered to indicate a statistically significant difference.

The flow chart of present study was provided in supplementary materials (Supplementary Figure S3).




Results


Screening of Fusarium oxysporum mutants with reduced growth

Mutants of F. oxysporum were obtained by random insertion of T-DNA into the F. oxysporum genome using ATMT. A single specific amplicon can be amplified from all mutants (Supplementary Figure S4). The sequenced fragment was 100% identical to the neo gene, which proved that the T-DNA was successfully inserted into the F. oxysporum genome.

Mutant strains growth was compared to wild type F. oxysporum and FOM312 was identified with significantly reduced radial growth (Figure 1A). There were also other mutants were screened out with changed phenotype including slowed down growth, mycelial morphology changed, pigment decreased, etc., which were not discussed here.

[image: Figure 1]

FIGURE 1
 (A) Radial growth of wild type (WT), FOM312, Δ12762, and C12762. Strains were cultured on PDA medium and incubated at 25°C for 5 days. (B) The quantitative data for A (***p < 0.001). (C) Conidial production rate of wild type, FOM312, Δ12762, and C12762. (D) The slide culture of wild type, FOM312, Δ12762, and C12762 (bar = 25 μm). The experiment was repeated three times.




Detection of the expression of genes involved in glyoxylate metabolism pathway in FOM312

The expression of four genes related to the glyoxylate metabolism pathway in FOM312 was detected by qPCR (Figure 2). The results showed that the expression of the four genes was down-regulated, and the expression of ICL was the most down-regulated. ICL is the rate limiting enzyme of the glyoxylate metabolism pathway. Therefore, we speculate that FoDbp40 may affect energy metabolism and the growth of F. oxysporum by regulating ICL expression.

[image: Figure 2]

FIGURE 2
 The relative expression level of four genes involved in glyoxylate metabolic pathway in FOM312. FOXG_05529 codes isocitrate lyase; FOXG_01304 codes 2-methylcitrate synthase; FOXG_10116 codes a formate/nitrite transporter domain; FOXG_10419 codes malate dehydrogenase. 18S rRNA was used as normalizing (***p < 0.001). The experiment was repeated three times.




Analysis of T-DNA interrupted gene in the FOM312

T-DNA interrupted genes in FOM312 was verified by sequencing the TAIL-PCR products. The T-DNA in FOM312 inserted into FOXG_12762, which is located on chromosome 9 and encodes a hypothetical protein.

An amino acid sequence analysis performed with MEGA indicated that similar proteins are produced by other fungal species (Figure 3). FOXG_12762 encodes a hypothetical protein containing a CCCH zinc finger domain. This hypothetical protein has a high sequence identity (more than 70%) with homologs in common Fusarium species such as F. graminearum and F. solani and filamentous fungi such as Aspergillus fumigatus and Torrubiella hemipterigena. Sequence identity with other homologs, such as Aspergillus nidulans and Aspergillus flavus, is lower (60–70%). The homologs in Aspergillus fumigatus (79%), Colletotrichum incanum (80%), and Torrubiella hemipterigena (81%) are annotated as CCCH finger DNA binding proteins. According to the bioinformatic analysis for nuclear localization signals, there are three sections of the sequence predicted to be nuclear localization signals (Figure 3; Supplementary Figure S5).

[image: Figure 3]

FIGURE 3
 A part of the alignment result of amino acid sequences of FOXG_12762 and its most similar homologs from other fungi.




Constructs for gene deletion and mutant complementation of FOXG_12762

A knockout strain (Δ12762) and complementation strain (C12762) of FOXG_12762 were constructed. The deletion and complementation were verified by PCR (Supplementary Figures S1, S2). After 5 days of culture at 25°C, the Δ12762 colony was similarly sized to FOM312. The C12762 colony was similar in size to the wild type (Figures 1A,B). The expression of FOXG_12762 was significantly decreased after interrupted by T-DNA in FOM312, and was similar with wild type in C12762, while no signal was detected in Δ12762, which proved the successful deletion and complementation (Figure 4A). Based on the microscopic phenotype, the hyphae in the FOM312 and Δ12762 reduced compared with wild-type and C12762 (Figure 1D). Nevertheless, there was no much difference in conidial production between them (Figure 1C).
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FIGURE 4
 The detection of ICL-AMPK-mTOR axis. (A) Relative expression levels of FOXG_12762 in WT, FOM312, Δ12762 and C12762. (B) Relative expression levels of FOXG_05529 in WT, FOM312, Δ12762 and C12762. (C) ICL activity of WT, FOM312, Δ12762 and C12762. (D) Succinate level of WT, FOM312, Δ12762 and C12762. (E) ATP level in WT, FOM312, Δ12762 and C12762. (F) The expression level of AMPK, p-AMPK, mTOR, p-mTOR. (G) The quantization diagram of E, the expression of p-AMPK and p-mTOR was expressed as the ratio to β-tubullin (***p < 0.001). The experiment was repeated three times.




Analysis of ICL expression regulation by FOXG_12762

The expression level of FOXG_05529 and ICL activity were detected and results show that the mRNA level of FOXG_05529 and ICL activity in Δ12762 and FOM312 decreased compared with wild type and C12762 (Figures 4B,C). HPLC results show that the level of succinic acid in FOM312 and Δ12762 also decreased, and the level of succinic acid in C12762 was close to that of wild type (Figure 4D). These results indicate that FoDbp40 can regulate the expression level and activity of ICL and affect the growth of F. oxysporum.

FoDbp40 has high sequence identity to various CCCH zinc finger DNA-binding proteins in other fungi. This implies that it may has functions of binding to DNA and regulating transcription. To confirm whether FoDbp40 can regulate the transcription of the ICL-encoding gene FOXG_05529, the action of FoDbp40 on the promoter region of FOXG_05529 was investigated using dual luciferase reporter technology. The HEK-293 cells co-transfected with the FoDbp40-EGFP fusion protein expression vector (vector 1) and the 05529pro-luc2 expression vector (vector 2) can produce green fluorescence under 488 nm wavelength excitation, which indicates that the FoDbp40-EGFP fusion protein was successfully expressed in the HEK-293 cells (Figures 5A–C). Compared with the vector 2 transfection group, the luc2 fluorescence signal of the vector 1 and vector 2 co-transfected group was significantly enhanced (Figure 5D). These results indicate that FoDbp40 can act on the FOXG_05529 promoter region to promote the transcription and expression of downstream genes.
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FIGURE 5
 Transcription of FOXG_05529 is regulated by Fodbp40. (A–C) The FoDbp40-EGFP fusion protein was successfully expressed in HEK-293 (bar = 100 μm). (D) The expression level of 05529pro-luc2 in HEK-293 with and without FoDbp40 (***p < 0.001). The experiment was repeated three times.


The cellular localization of the FoDbp40-EGFP fusion protein was observed using fluorescence microscopy. Results show that FoDbp40-EGFP is primarily located in the nucleus, as demonstrated by DAPI staining (Figure 6).

[image: Figure 6]

FIGURE 6
 Subcellular localization of FoDbp40 in F. oxysporum. FoDbp40-EGFP is mainly localized in the nucleus, as demonstrated by 4′6-diamidino-2-phenylindole (DAPI) staining (bar = 10 μm).




FoDbp40 regulates the AMPK/mTOR signaling pathway and energy levels

Considering the activity of ICL in regulating energy metabolism, we detected the ATP levels in wild type, FOM312, Δ12762, and C12762. ATP levels are decreased in the FOM312 and Δ12762 strains compared with the wild type and C12762 strain (Figure 4E). The 5′-adenosine monophosphate activated protein kinase (AMPK) and mammalian target of rapamycin (mTOR) phosphorylation levels were detected by western blot. The results show that the level of phosphorylated-AMPK (p-AMPK) increased and the level of phosphorylated-mTOR (p-mTOR) decreased in Δ12762 and FOM312 compared with wild type and C12762 (Figures 4F,G). These results indicate that the loss of FoDbp40 causes a decrease in ATP levels, which affects the regulation of AMPK/mTOR pathways, thereby causing reduced growth and virulence of F. oxysporum.



Deletion of FOXG_12762 reduced the virulence of Fusarium oxysporum

Different concentrations of conidia were co-cultured with HCEC for 24 h, and HCEC cell viability was detected by an LDH detection kit (Beyotime, Shanghai, China). Results show that FOM312 and Δ12762 (1.8 × 106 CFU/ml for half maximal inhibitory concentration [IC50]) have a lower cytotoxicity compared with wild type (2.4 × 106 CFU/ml for IC50). This indicates that the deletion of FOXG_12762 results in decreased F. oxysporum virulence in HCEC (Figure 7A).
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FIGURE 7
 Virulence of F. oxysporum. (A) Cytotoxicity of F. oxysporum in HCEC (*p < 0.05 vs. wild type). (B–D) Expression of cytokines in HCEC co-cultured with F. oxysporum (***p < 0.001). (E) Virulence of F. oxysporum in zebrafish (n = 8). The experiment was repeated three times.


The IC50 of wild type with HCEC was 1.8 × 106 CFU/ml; therefore, this concentration was selected to stimulate HCEC cells to observe inflammation levels. Results show that the expression levels of IL-1β, IL-6, and TNF-α in HCEC increase after 6 h of stimulation (Figures 7B–D). Compared with the wild type treated group, the levels of inflammatory factors in the FOM312 and Δ12762 treated groups were lower, and the level of inflammatory factors in the C12762 treated group were close to those of the wild type treated group. This indicates that the deletion of FOXG_12762 can reduce the level of inflammatory response caused by F. oxysporum.

Zebrafish were inoculated with 1 × 104 CFU/ml conidia to observe survival rates. Results show that the lethality of FOM312 and Δ12762 groups was lower than wild type and C12762, which suggest that the virulence of F. oxysporum decreased due to a deficiency of FOXG_12762 (Figure 7E).




Discussion

Fusarium species are important plant pathogens and human opportunistic pathogens that seriously affect the yield of crops and human health. Fungi growth is closely related to virulence. Exploring the regulatory mechanism of Fusarium growth is helpful for the development of new drugs, as well as the prevention and control of Fusarium infection. Constructing random mutants of fungi by ATMT is convenient due to high efficiency, which has been extensively used in numerous fungi to clarify the function of unknown genes (Schmidpeter et al., 2017; de Vallée et al., 2019). We used the ATMT method combined with phenotypic screening to search for key genes in growth and regulatory mechanisms in F. oxysporum.

The glyoxylate metabolism pathway plays an important role in the growth, pathogenesis, and stress tolerance of fungi (Park et al., 2016; Vico et al., 2021). Therefore, the expression of four genes related to glyoxylate metabolic pathways were detected. The results showed that the four genes were down-regulated in FOM312 compared with wild type. Among the four genes, the rate limiting enzyme ICL was most down-regulated, so we speculated that the interruption of T-DNA in FOM312 may disturbed the expression of ICL.

In order to investigate the mechanism of regulation of ICL, the function of T-DNA interrupted gene FOXG_12762 in FOM312 was analyzed. FOXG_12762 encodes a hypothetical protein that we name FoDbp40. Presently the annotation of hypothetical proteins is primarily through homology search and the identification of conserved domains by sequence alignment algorithms (Ijaq et al., 2015). Our amino acid sequence alignment shows the FoDbp40 protein sequence to contain a CCCH zinc finger domain conserved in several pathogenic fungi (Figure 3). Homologs in other fungi such as Aspergillus fumigatus and Torrubiella hemipterigena are annotated as CCCH zinc finger DNA binding proteins. Although CCCH zinc finger proteins were known as RNA-binding proteins (Fu and Blackshear, 2017), Recent studies showed that CCCH zinc finger proteins also bind to DNA and modulate transcription (Zou et al., 2018; Wang et al., 2022). Therefore, we speculate that FoDbp40 may have the ability to bind target DNA and function in transcriptional regulation.

In this study, we observed the regulatory effect of FoDbp40 on ICL expression (Figure 4) and demonstrated that this regulatory effect is achieved at the transcriptional level by acting on the promoter region of ICL (Figure 5). Additionally, we observed the FoDbp40 protein to localize in the nucleus (Figure 6) in line with the bioinformatic analysis (Supplementary Figure S5), which is similar to other known CCCH zinc finger protein transcription factors, including C3H12 and SAW1 (Wang et al., 2020; Seok et al., 2022). Our results indicate that FoDbp40 is a novel transcriptional regulator that can affect the expression and activity of ICL.

The glyoxylate metabolic pathway saves carbon sources by skipping the step of generating CO2 in the tricarboxylic acid cycle (TCA) while generating required intermediates. This plays an important role in the regulation of ATP synthesis (Park et al., 2016). The expression and activity of ICL and corresponding succinate levels are decreased after the deletion of FOXG_12762 (Figure 4). These results demonstrated the regulatory effect of FoDbp40 on ICL and glyoxylate metabolic pathway.

As mentioned above, ICL is a key enzyme in the glyoxylate metabolism pathway, thereby regulating carbon metabolism and ATP synthesis (Gengenbacher et al., 2010; Selinski and Scheibe, 2014). AMPK, an AMP-dependent protein kinase, is a key molecule in the regulation of biological energy metabolism. Intracellular energy level can regulate the phosphorylation of AMPK, which in turn regulates the Ras, ERK, mTOR, and other related pathways that crosstalk with AMPK, thus affecting cell growth (Hardie, 2014; Grahl et al., 2015). The regulation of growth by the AMPK/mTOR pathways has been reported in yeast (Forte et al., 2019), but has not been reported in Fusarium species.

The affect of FoDbp40 on the level of ATP and AMPK/mTOR pathway which involed in the growth regulation was analyzed at next. The results showed that the deletion of FoDbp40 results in a severe decrease of ATP levels in F. oxysporum (by more than 80%), while promoting phosphorylation of AMPK and dephosphorylation of mTOR (Figure 4). These results demonstrated the regulatory effects of FoDbp40 on energy metabolism and AMPK/mTOR pathways through the ICL.

Fusarium species often cause corneal infection in clinic. Some studies have used HCEC cells to establish in vitro model of cornea infection by pathogens such as Fusarium solani (Kolar et al., 2017). F. solani and F. oxysporum both belong to the genus Fusarium, which were the most predominant pathogenic Fusarium in clinic with similar infection and pathogenic patterns. Therefore, HCEC cells were used in this study to evaluate the virulence of F. oxysporum.

The pathogenesis of keratitis is often accompanied by an inflammatory response related to its prognosis (Matsumoto et al., 2005). Pattern recognition receptors on cell surfaces can regulate the expression of inflammatory cytokines after recognizing pathogens. These include IL-1 β, IL-6, and TNF-α; all cause inflammatory response (Yu et al., 2017). After the deletion of FOXG_12762, the cytotoxicity of F. oxysporum conidia in HCEC was attenuated, and the expression levels of pro-inflammatory cytokines in infectious keratitis decreased (Figure 7).

Dananjaya et al. (2017) have used zebrafish to evaluate the virulence of F. oxysporum. Considering that F. oxysporum often cause superficial infection in clinic, we established a model of F. oxysporum infection in zebrafish with the method of bathing referring to the virulence assay of Laanto et al. (2012) proceeded with Flavobacterium columnare. The results showed that there was a stable killing effect on zebrafish infected with F. oxysporum. Therefore, we believe that this model is suitable for evaluating the virulence of pathogenic fungi in superficial infection. In this study, the deletion of FOXG_12762 results in attenuated virulence of F. oxysporum in zebrafish (Figure 7). These results indicate that FOXG_12762 plays an important role in regulating F. oxysporum virulence.

In summary, our findings demonstrate that the gene encoding ICL is a key component affecting the growth of F. oxysporum. Furthermore, the putative protein FoDbp40 can regulate the expression of ICL at the transcriptional level, thereby affecting the level of ATP and the AMPK/mTOR pathways, and consequently regulate F. oxysporum growth and virulence. ICL and FoDbp40 have potential as new targets in the development of antifungal drugs.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was reviewed and approved by the animal ethics committee of Jilin University (Jilin University, Changchun, China).



Author contributions

DH and LW: conceptualization and design. BZ and YZ: methodology and experiments. SG: data analysis. BZ and DH: original manuscript. LW: review and editing. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by grants from the National Natural Science Foundation of China (81772162 and U1704283) and the Foundation of Jilin Education Committee (JJKH20211150KJ).



Acknowledgments

We thank all staff of our research center for helpful discussions. We also thank Steven M. Thompson from Liwen Bianji (Edanz; www.liwenbianji.cn/), for editing the English text of a draft of this manuscript.



Conflict of interest

SG was employed by Beijing ZhongKaiTianCheng Bio-technonogy Co. Ltd., Beijing, China.

The remaining 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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1050637/full#supplementary-material

SUPPLEMENTARY FIGURE S1 | (A) Mechanism of the deletion of FOXG_12762. (B) Amplification of neo fragment from the candidate strains. M, maker; lane 1, wild type; lane 2, pXEN plasmid, 3-5, different candidate strains. (C) Amplification of part of FOXG_12762 sequence from the candidate strains. M, maker; lane 1, water as blank; lane 2, wild type; lane 3-5, different candidate strains.

SUPPLEMENTARY FIGURE S2 | (A) Mechanism of the complementation of FOXG_12762. (B) Amplification of FOXG_12762-EGFP sequence from the candidate strains. M, maker; lane 1, Δ12762; lane 2-4, different candidate strains. A fragment (~4500bp) could be obtainded from the candidates.

SUPPLEMENTARY FIGURE S3 | The flow chart of analyzing the function of FoDbp40 on the growth and virulence of F. oxysporum.

SUPPLEMENTARY FIGURE S4 | Amplification of neo fragment (~700bp) in some randomly selected mutants. M: Trans 2 K marker; lane1: water as blank; lane2: pXEN plasmid; lane3: wild-type F. oxysporum; lane4-16: different mutants.

SUPPLEMENTARY FIGURE S5 | The prediction of nuclear localization signals in FOXG_12762. Three nuclear localization signals were predicted.



Footnotes

1https://blast.ncbi.nlm.nih.gov/Blast.cgi

2https://www.promega.com.cn/products/luciferase-assays/
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Introduction: Lung cancer is the leading cause of cancer death worldwide, and lung adenocarcinoma (LADC) is the most common lung cancer. Lung cancer has a distinct microbiome composition correlated with patients’ smoking status. However, the causal evidence of microbial impacts on LADC is largely unknown.

Methods: We investigated microbial communities’ differences in Formalin-Fixed Paraffin-Embedded tissues of ever-smoke (n = 22) and never-smoke (n = 31) patients with LADC through bacterial 16S rRNA gene high-throughput sequencing. Then nitrosamines 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced lung cancer mouse model and A549 cells were used to study the effect of Stenotrophomonas maltophilia (S. maltophilia) in LADC.

Results and Discussion: We found a significant increase of genus Stenotrophomonas in LADC tissues of patients with primary tumor size greater than 3 cm and never-smoker patients. We further found that intratracheal infection with S. maltophilia promoted tumor progression in the NNK-induced lung cancer mouse model. We performed RNA-seq analysis on lung tissues and found that S. maltophilia treatment drove inflammation and upregulated tumor associated cell signaling, including Apelin signaling pathway. Mechanistically, histone deacetylase 5 (HDAC5) gene expression was significantly upregulated in S. maltophilia treated groups, and was required for S. maltophilia induced cell proliferation and migration in LADC cell line A549. Therefore, we provide in vivo and in vitro evidence to demonstrate that S. maltophilia promotes LADC progression, in part, through HDAC5.
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 non–small-cell lung cancer, tumor microbiota, Stenotrophomonas maltophilia, cell signaling pathway, inflammation, high-throughput sequencing


Introduction

Lung adenocarcinoma (LADC) accounts for about 40% of all lung cancer, which is the predominant cause of cancer death worldwide (Sung et al., 2020). Adenocarcinoma of the lung belongs to non-small cell lung cancer (NSCLC), which usually occurs in the lung periphery and evolves from the mucosal glands. Although smoking tobacco is the leading driver of any lung cancer, including LADC (Schuller, 2002; Kenfield et al., 2008), only 15% of smokers will develop lung cancer (Samet et al., 2009), and the non-smoking-related etiology and carcinogenesis remain poorly understood (Jemal et al., 2018). As is well-known, primary tumor size is a significant prognostic factor in lung adenocarcinoma patients. Tumor size arises as a more important prognostic factor, from ≤1 cm to 7 cm, each centimeter separates tumors with a significantly different prognosis, and the 3-cutoff point separates T1 from T2 tumors (Detterbeck et al., 2016; Rami-Porta et al., 2017; Kim et al., 2019).

Mounting evidence suggests lung cancer is associated with many infectious diseases, such as COPD, tuberculosis, HIV, and Chlamydia infections (Chaturvedi et al., 2010; Yu et al., 2011; Dima et al., 2019; Cribbs et al., 2020). Meanwhile, lung infections destroy bronchial epithelial cells, creating a vicious circle (Huang and Shi, 2019). Studies have proved that the bacterial composition of bronchoalveolar fluid in lung cancer patients is different from that in benign disease patients. The microbiome composition of lung cancer in the lower airway sample is more similar to that of the buccal sample, which enriched with Veillonella, Streptococcus, Prevotella, and Rothia is related to lung cancer stage and prognosis (Lee et al., 2016; Tsay et al., 2020). Inhalation of antibiotics can reduce the lung colonization of melanoma (Le Noci et al., 2018).

In recent years, studies have proved that every tumor type has a distinct microbiome composition, and these intratumor bacteria are mostly intracellular and are present in both cancer and immune cells, suggesting an association with tumor development and clinical features (Nejman et al., 2020). The intratumor microbiota is a crucial mediator in tumor progression and migration. Studies have found that the tumor-resident microbiota can promote lung metastatic colonization in breast cancer through the upregulation of fluid shear stress pathway (Fu et al., 2022). Administration of bacteria through tail vein impairs tumor chemosensitivity (Yu et al., 2017) and promotes tumor progression (Le Noci et al., 2018; Parhi et al., 2020). However, the composition of the human LADC microbiome and the role of distinct altered bacterial species in lung cancer are still unknown.

In this study, we analyzed the differences in microbial compositions in ever-and never-smokers with LADC. Then we focused on the Stenotrophomonas genus, whose abundance correlated with the smoking status and primary tumor size. Stenotrophomonas maltophilia is the only species that infect humans, so we investigated the role of its type strain S. maltophilia (ATCC#13637) on the progression of lung cancer induced by nitrosamines 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) in carcinogen-sensitive mouse strains A/Jmice. Further, we explored the potential mechanism of action of S. maltophilia. These findings suggest that a higher abundance of S. maltophilia is a risk factor in LADC and provide novel insights to evaluate cellular and molecular targets from the perspective of intratumor bacteria.



Results


Clinical characterization of lung adenocarcinoma patients

A total of 53 LADC samples were included in this study. These patients were admitted to the hospital and underwent surgery between January 2014 and December 2015. None of the patients in this study received antibiotics or chemotherapy before surgery. We collected information on gender, age, Primary tumor dimension, Lymphatic metastasis, clinical stage and followed the patient’s survival as of January 17, 2021. The mean age of the total cohort was 62.2 years, with 50.6% men and 41.5% smokers. The proportion of men in the ever-smokers group was higher than in the never-smokers group (94.1 vs. 31.9) because women rarely smoke. For primary tumor size, 35 patient tumor size is less than 3 cm, 18 patient tumor size is higher than 3 cm. In total, 16 samples belonged to the I–II stages and 6 samples to the III–IV stages in ever-smokers, while 24 samples belonged to the I–II stages and 7 samples to the III–IV stages in never-smokers (Table 1). According to the survival curve of the patients, we found that smoke might be a negative prognostic factor in LADC patients, but this was not statistically significant (Supplementary Figure S1A).



TABLE 1 Clinical characteristics of the lung adenocarcinoma patients.
[image: Table1]



Different clinical feature lung adenocarcinoma patients have distinct lung tumor microbial compositions

To analyze the composition of the tissue microbial profile, we successfully sequenced the 16S rRNA gene in Formalin-Fixed Paraffin-Embedded (FFPE) tissue samples from ever-smokers (n = 22) or never-smokers (n = 31) LADC. Firstly, we found alpha diversity metrics including Shannon, Chao1, ACE, and Simpson indexes according to amplicon sequence variants (ASVs) were comparable between two groups (Supplementary Figure S1B). We also visualized the Bray-Curtis distance of beta diversity by principal coordinate analysis (PCoA) between ever-smokers and never-smokers (p > 0.05, Supplementary Figure S1C). But we found that Chao1 and ACE index between primary tumor size ≤3 cm and > 3 cm group is significant (Figure 1A).

[image: Figure 1]

FIGURE 1
 The microbiota was changed in lung tissues between the ever-smoker and never-smoker lung adenocarcinoma patients. (A) Taxonomic alpha-diversity calculated with the Chao index (p = 0.0057) and Ace index (p = 0.0058) between primary tumor size ≤3 cm and > 3 cm groups. (B) Relative abundances of Stenotrophomonas in the microbiota of ever-smoke and never-smoke groups. (C) Relative abundances of Stenotrophomonas in the microbiota of ≤3 cm and > 3 cm groups. (D) Linear discriminant analysis. Differential abundance of taxa was ranked according to their effect size between the Ever-smokers and Never-smoker groups. (E) Linear discriminant analysis. Differential abundance of taxa was ranked according to their effect size between primary tumor size ≤3 cm and > 3 cm group. The selection of discriminative taxa between groups was based on an LDA score cutoff of 3.0 and differences in the relative abundances of taxa (converted to log base 10) were statistically determined based on a Kruskal-Wallis and pairwise Wilcoxon tests. A value of p < 0.05 and a score ≥ 2.0 were considered significant. The length of the histogram represents the LDA score; i.e., the degree of influence of species with significant differences between different groups. (F) Representative FISH images of LADC tissue sections using a fluorescent probe specific to Stenotrophomonas. *p < 0.05, **p < 0.01 by Student’s t-test.


Then, we conducted the taxonomic assignment to build the microbial abundance profile. The two groups were both enriched by Proteobacteria, as the dominant phylum, followed by Actinobacteriota, Firmicutes and Bacteroidetes (Supplementary Figure S2), which was in consistent with the previous report (Nejman et al., 2020). We observed a significant increase of Acidobacteriota (p = 0.046912) in LADC tissues of never-smokers than ever-smokers. We identified in total 60 bacterial classes, 25 orders, 30 families, and 35 genera with a relative abundance higher than 0.1%. We also performed the analysis at class, order, family, and genera levels (Supplementary Figures S3, S4). At the genus level, the tumor microbiota of LADC in the ever-smokers was enriched with Escherichia_Shigella and Sphingomonas, but did not reach statistical significance (Supplementary Figure S5). While Stenotrophomonas, Ralstonia, and Corynebacterium were identified to be enriched in the never-smokers. Among them, Stenotrophomonas was more than 3.9 fold higher in lung tumors of never-smokers (p < 0.05, Figure 1B). We also found a significant increase of Stenotrophomonas in LADC tissues of primary tumor size >3 cm than ≤3 cm groups (Figure 1C).

Next, we used the LEfSe algorithm to identify the critical bacterial taxa that account for the differences between smoking status or primary tumor size. LEfSe estimates the effect size of significantly different abundant of taxa and ranks them represented by the length of each bar (Segata et al., 2011). We found family Verrucomicrobiaceae and its higher taxonomies, including class Verrucomicrobiae and order Verrucomicrobiales, were significantly enriched in ever-smokers (Figure 1D). There was an increase in the family Burkholderiaceae in never-smokers compared with ever-smokers. Moreover, LADC microbiota of never-smokers was enriched in Acidobacteriota and Stenotrophomonas, in line with phylum and genus level observations (Figure 1D). We also found that the genus Stenotrophomonas was enriched in the group of primary tumor size higher than 3 cm patients through LEfSe analysis (Figure 1E). There was a linear correlation between the relative abundance of Stenotrophomonas and primary tumor size (Supplementary Figure S6). To validate the presence of Stenotrophomonas in LADC tissues, we used FISH with a specific probe against its 16S rRNA. We found the presence of Stenotrophomonas DNA within LADC tissues in never-smokers, but not in that of ever-smokers (Figure 1F). These results indicates that Stenotrophomonas could be identified as biomarker in LADC.



Intratracheal inoculation of Stenotrophomonas maltophilia promotes lung cancer progression

Although various studies have revealed that microbiome contributes to tumor induction and progression (Dapito et al., 2012; Li et al., 2016, 2019; Le Noci et al., 2018; Jin et al., 2019; Tsay et al., 2020; Fu et al., 2022), the causal relationship between Stenotrophomonas and lung cancer remains largely unknown. S. maltophilia, the only species of Stenotrophomonas that infects humans, is considered a “newly emerging pathogen of concern” (An and Berg, 2018). To investigate whether S. maltophilia could colonize in the lung, we harvested lung lobes and cultured the lung homogenate in the nutrient broth after 48 h of bronchial injection of S. maltophilia in mice. We visualized and validated the colonizing ability of S. maltophilia in lung lobes by 16S rRNA gene sequencing (Supplementary Figure S7).

To explore whether S. maltophilia contributes to lung cancer progression, we compared tumor development between mice intratracheal inoculated with S. maltophilia and their control A/J mice in lung cancer model induced by NNK (Akopyan and Bonavida, 2006; Figure 2A). We found that NNK treatment affected the weight gain in mice, but not S. maltophilia treatment (Supplementary Figure S8). Compared with the NNK model group, NNK_ S. maltophilia group displayed heavy tumor burden, with the increased number of lung nodules and area of tumor (Figures 2B,C). At the cellular level, although NNK_ S. maltophilia group did not affect P53 expression, it exhibited increased tumor cell proliferation as demonstrated by immunohistochemical (IHC) analysis of Ki-67 staining (Figure 2C). Together, these results indicate that S. maltophilia plays a profound role in promoting tumor development in NNK induced lung cancer model.
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FIGURE 2
 Stenotrophomonas maltophilia promotes lung cancer progression in mice. (A) Study design and diagram. (B) H&E staining, IHC staining of p53 and Ki-67 in lung tissues. Scale bar = 100 μM. (C) The quantification of nodules on the lung surface, primary tumor area (mm2), and percentage of p53 and Ki-67 positive area. Results are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test. For each experiment, n = 5–8 mice/group. ns, no significance.




Intratracheal inoculation of Stenotrophomonas maltophilia leads to a distinct transcriptional profile in lung tissues

To investigate the underlying mechanisms of S. maltophilia on lung cancer progression, we characterized the transcriptional profile of lung tissue using RNA sequencing (RNA-Seq). Constrained Principal Co-ordinates Analysis (CPCoA) clustering analysis showed that the CTL and NNK groups were clearly separate, while two S. maltophilia treatment groups were relatively close to each other (Figure 3A). These results indicate that the NNK and S. maltophilia treatment groups had distant gene expression signatures.
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FIGURE 3
 Stenotrophomonas maltophilia modulates gene expression in lung tissues by RNA-seq analysis. (A) Constrained PCoA clustering analysis of RNA-seq data. (B–I) GSEA Plot for the B cell receptor signaling pathway, Th17 cell differentiation, NF-kappa B signaling pathway, regulation of actin cytoskeleton, Propanoate metabolism, Citrate cycle (TCA cycle), Carbon metabolism, and Fatty acid metabolism, respectively. (J) Heatmap of different genes in lung tissues of S. maltophilia group compared with CTL group. (K) Heatmap of different genes in lung tissues of NNK_S. maltophilia group compared with NNK group. (L) Heatmap of different genes in lung tissues of NNK group compared with CTL group.


Gene set enrichment analysis (GSEA) revealed 34 overrepresented gene sets in S. maltophilia group compared to CTL group based on normalized gene set enrichment scores (NES; Supplementary Figure S9). Among them, various inflammatory pathways, including B cell receptor signaling pathway, Th17 cell differentiation, NF-kappa B signaling pathway, as well as regulation of actin cytoskeleton were significantly enriched in S. maltophilia group (Figures 3B–F). Sixteen gene sets were enriched in NNK_ S. maltophilia group compared with NNK group (Supplementary Figure S10). Interestingly, metabolism associated with tumor reprogramming, including propanoate metabolism, citrate cycle (TCA cycle), carbon metabolism, and fatty acid metabolism, were significantly enriched in NNK_ S. maltophilia group (Figures 3G–I). These data suggest that S. maltophilia may trigger inflammatory response, regulate cytoskeleton, and promote cancer metabolism.

Next, differentially expressed genes (DEGs) were identified through pairwise comparisons of groups. Compared with the CTL group, the number of DEGs in the S. maltophilia, NNK, and NNK_S. maltophilia groups was 3,786 (1832/1954; upregulated and downregulated DEGs, respectively), 3,373 (1,335/2038), and 2,283 (1,163/1120) respectively (Figures 3J–L; Supplementary Figure S11; Supplementary Table S1). A total of 1,034 DEGs were identified between NNK and NNK_S. maltophilia groups, among them 564 genes were upregulated in the lung tissues of NNK_S. maltophilia group and 470 genes were downregulated (Figure 3K). NNK_S. maltophilia group and S. maltophilia groups displayed similar gene expression profiles, and only 286 DEGs (the lowest number among all comparisons) were identified between these two groups (Supplementary Table S1). Additionally, we were able to identify 322 common DEGs between the CTL-vs-S. maltophilia, and NNK-vs-NNK_S. maltophilia (Supplementary Figure S12; Supplementary Table S2).

We next calculated the specific KEGG pathway enrichment of upregulated DEGs in S. maltophilia treated groups. Non-small cell lung cancer, Pathways in cancer and Ras signaling pathway enrichment confirmed that NNK induced lung cancer in A/J mice (Supplementary Figure S13). Although S. maltophilia treatment did not trigger lung cancer development in A/J mice, we found that pathway in cancer, MicroRNAs in cancer, Central carbon metabolism in cancer, and Non-small cell lung cancer was enriched in S. maltophilia group compared with CTL group (Figure 4A). KEGG pathway analysis also revealed that mice treated by S. maltophilia turned on many immunity-related signals, including the B cell receptor signaling pathway, Th1 and Th2 cell differentiation, Chemokine signaling pathway, Th17 cell differentiation, T cell receptor signaling pathway, NF-kappa B signaling pathway, and Toll-like Receptor signaling pathway (Figure 4A). Several Toll-like Receptor (TLR) genes were highly upregulated in S. maltophilia groups compared to CTL or NNK group (Figure 4B). Consistent with GSEA, we found propanoate metabolism and fatty acid metabolism was enriched in NNK_ S. maltophilia group compared with NNK group (Figure 4C).
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FIGURE 4
 Stenotrophomonas maltophilia modulates gene expression in lung tissues by RNA-seq analysis. (A) KEGG pathway enrichment analysis of upregulated genes of RNA-seq data between CTL and S. maltophilia groups. (B) Relative expression of Toll-like receptors. (C) KEGG pathway enrichment analysis of upregulated genes of RNA-seq data between NNK and NNK_S. maltophilia groups. (D) Relative expression of Apelin signaling pathway genes. *p < 0.05, **p < 0.01, ***p < 0.001, compared with CTL.


The Apelin signaling pathway was enriched in the S. maltophilia group compared with the CTL group and in NNK_ S. maltophilia group compared with NNK group (Figures 4A,C). We found that 11 genes that belonged to the Apelin signaling pathway were upregulated in NNK_S. maltophilia group (Supplementary Table S3). Interestingly, five of them (Hdac5, Ccn2, Mef2c, Plcb4, Prkag3) were overexpressed in both S. maltophilia and NNK_S. maltophilia group (Figure 4D). Among them, HDAC5 (histone deacetylase 5), as a member of the class IIa family of HDACs, is a well-known oncogene in numerous cancer types, including lung cancer (Zhong et al., 2018; Yang et al., 2021). These results suggest that S. maltophilia may promote lung cancer progression by driving inflammation, regulating tumor cell signaling and metabolism at the transcriptional level.



Stenotrophomonas maltophilia promoted cell proliferation and cell migration of lung epithelial cells

To explore the possible mechanism of S. maltophilia in promoting LADC in mice, we performed in vitro experiments using cultured A549 cells exposed to the microbial products (Figure 5A). At first, we used three concentrations of bacteria for the in vitro experiment: multiplicity of infection (MOI) of 1, 10, and 100. We found that compared with CTL, 4 h pre-incubation with S. maltophilia_1 and S. maltophilia_2 significantly promoted A549 cell proliferation (Figure 5B). Then to explore the potential factors of S. maltophilia that contribute to tumor cell proliferation, we exposed A549 cells to heat killed or the supernatants from viable bacteria. The result showed that both of them did not promote cell proliferation (Figure 5C). These data suggest that viable S. maltophilia may need to communicate with the cell to stimulate its proliferation.
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FIGURE 5
 Stenotrophomonas maltophilia promoted cell and migration in lung epithelial cells. (A) Schematic experimental design for two in vitro experiments. For all conditions, A549 cells were exposed for 4 h and then harvested for RNA isolation. Experiment 1: Cells were infected with S. maltophilia (ATCC #13637) at three different multiplicity of infection (MOI) of 1, 10, and 100 for 4 h. Experiment 2: exposure to media alone, S. maltophilia (heat-killed), and supernatant. (B) Effect of S. maltophilia on A549 cell viability. (C) Effect of heat-killed S. maltophilia and supernatant on A549 cell viability, ns: no significance. (D) Effects of S. maltophilia on A549 cell line migration. (E) Effects of S. maltophilia on HDAC5 gene expression in A549 cells. **p < 0.01 compared with CTL, ***p < 0.001 compared with CTL. (F) Western blot and statistical analysis of HDAC5 expression in A549 cells. *p < 0.05. ns, no significance.


Stenotrophomonas maltophilia treatment also promoted cell migration in A549 cell lines (Figure 5D). To verify the transcriptome results in mouse lungs, we performed qPCR assays. We found that pre-exposure to S. maltophilia significantly increased the mRNA expression of HDAC5 in A549 cells (Figure 5E). We further confirmed the up-regulated expression of HDAC5 in A549 cells treated with S. maltophilia by western blot (Figure 5F). Considering the tumor-promoting role of HDAC5, we further reasoned if HDAC5 silencing would abrogate the S. maltophilia induced cell proliferation and migration in lung cancer cells. We verified that HDAC5-specific siRNA markedly downregulated its gene expression, as well as inhibited cell proliferation and migration in A549 cells (Figures 6A–C). Further, we found that the cell proliferation and migration stimulated by S. maltophilia were also attenuated by HDAC5 interference (Figures 6A–C). These findings demonstrate that S. maltophilia promotes lung cancer cell proliferation and migration partially through HDAC5.
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FIGURE 6
 Inhibition of HDAC5 suppressed lung cancer cellular functions. Lung cancer cells A549 were transfected with si-HDAC5 or negative control (si-NC). (A) The HDAC5 expression levels were detected by qRT-PCR. (B) CCK-8 assay was used to test the cell proliferation. (C) Transwell migration assay was used to test the cell migration ability. *p < 0.05, ***p < 0.001 by Student’s t-test.





Discussion

Recently, there has been increasing awareness that human tumors contain a significant amount of viable commensal microbiota (Banerjee et al., 2018; Riquelme et al., 2019; Nejman et al., 2020; Dumont-Leblond et al., 2021). Whether these microbes are passengers or drivers of tumor progression is an intriguing question that emerges. But a detailed and comprehensive analysis of the microbial ecosystem of the pathologic and lung cancer tissues remains incompletely studied. In this study, firstly, we represent for the report to characterize the microbiota composition of 53 samples from human LADC tissue. We performed 16S rRNA sequencing of the LADC and took measures to control for contamination. We explored the distinct microbiome composition inside the LADC, and uncovered significant associations between the bacteria and transcriptional changes in lung cancer cells that may be relevant for lung cancer pathogenesis. Overall, we observed significant intratumor microbiome dysbiosis in LADC patients with a different clinical feature. We found although there was no significant difference in tumor microbial alpha and beta diversity between ever-smokers and never-smokers LADC, representatives of the phyla Acidobacteriota and genus Stenotrophomonas were predominant in never-smokers. And we also found genus Stenotrophomonas was significantly enriched in the group of patients with primary tumor size higher than 3 cm patients. However, due to the limited number of cases, there is still no systematic evaluation of risk factors or clinic features associated to a different microbiome microenvironment.

Most recently, a higher abundance of S. maltophilia was found in hepatocellular carcinoma microbiota of the patients with cirrhosis, which induced the senescence of hepatic stellate cells and promoted the process of hepatocarcinogenesis (Liu et al., 2022). Notably, we demonstrated for the first time that the upregulation of HDAC5 caused by S.maltophilia infection is associated with tumor progression, supporting a causal role in the process of lung tumor growth.

Study have suggested that chronic colonization C. difficile is a potential driver of colorectal cancer in patients (Drewes et al., 2022). Coincidentally, S. maltophilia is an opportunistic pathogen that is multidrug resistant and causes a variety of human infections and forms biofilms in infected patients (Brooke, 2021), the most common S. maltophilia-associated human infections are bacteremia and respiratory infections (Batra et al., 2017). S. maltophilia is intrinsically resistant to a wide range of antibiotics, including β-lactams, carbapenems, fluoroquinolones, tetracyclines, chloramphenicol, aminoglycosides, polymyxins, macrolides, and TMP-SMX (Brooke, 2012), Once infected, it will colonize for a long time and is challenging to eliminate with antibiotics. In a previous study, variation in replication and persistence of S. maltophilia can be seen with clinical strains in A/J mice (Rouf et al., 2011), which demonstrated that our model is suitable for studying the function of S. maltophilia. In our study, we found that lung cancer mice treated with S. maltophilia have increased tumor burden compared with those treated with PBS. Future work identifying the effect of S. maltophilia colonization, duration, and toxin production on cancer cell interactions in humans will be needed to determine the tumorigenic risk to patients.

Histone deacetylase 5 is a class II HDAC (de Ruijter et al., 2003), which is expressed in lung, brain, myocardium, skeletal muscle, and placenta, and accumulating evidence indicates that it has variable expression and functions in different types of tumors (Stypula-Cyrus et al., 2013; Zhong et al., 2018; Oltra et al., 2020). The functions of HDAC5 in tumorigenesis have been investigated in a variety of cancers, and HDAC5 was also shown to promote cell proliferation, invasion and metastasis in cancer (Chen et al., 2014; Liu et al., 2014; Cao et al., 2016, 2017; Zhong et al., 2018). PCR and immunohistochemical analyses have shown that HDAC5 was highly expressed in the cytoplasm of malignant epithelial cells, and HDAC5 expression was positively associated with distant metastasis and lymph node metastasis (Li et al., 2016). HDAC5 was also shown to promote cell invasion and metastasis in lung cancer (Gong et al., 2020). Our data point to mechanisms of S. maltophilia induced tumorigenesis, including increased Apelin signaling pathway, which HDAC5 gene is the most important. Consistent with our data from the mouse model, we also found S. maltophilia induced HDAC5 expression in lung cancer cells. These bacteria may affect the host by shedding different microbial bioactive molecules, because heat-killed S. maltophilia and supernatants did not cause proliferation and migration and did not upregulate the HDAC5 gene expression of cancer cells in vitro.

We acknowledge several limitations. Our sample size is not large enough, and we only detected the bacterial species with the widely used V4 amplification from formalin-fixed paraffin embedded lung tumors. The coverage and resolution of the detection of S. maltophilia species may not be fully achieved. Our experiment did not uncover which specific components of the bacteria are responsible for tumor progression. We only verified the functions of HDAC5 in S. maltophilia stimulated cell proliferation and migration. There might be other mechanisms responsible for the tumor promoting effect of S. maltophilia.

In conclusion, we profiled the differences of the composition of microbiota in LADC using 16S rRNA gene high-throughput sequencing and found Stenotrophomonas increased in LADC tissues of patient with primary tumor size greater than 3 cm and never-smoker patients. Further in vivo and in vitro evidence demonstrate that S. maltophilia promotes cell proliferation and migration, as well as LADC progression, in part, through HDAC5.



Materials and methods


Patients and sample collection

Formalin-Fixed Paraffin-Embedded (FFPE) tissue samples of 53 patients diagnosed with LADC in the period from Jan 2014 to Dec 2015 were included. All procedures conformed to the Code of Ethics of the World Medical Association (Declaration of Helsinki) and complied with the guidelines of the Institutional Review Board of the Affiliated Hospital of Jiangnan University (IRB: LS2021072).



Isolation and identification of microbiota in lung adenocarcinoma

DNA was extracted from each FFPE sample using the TIANquick FFPE DNA kit (Tiangen, #DP330-02, Beijing, China) according to the manufacturer’s instruction. In addition, we introduced 3 negative controls which are empty tubes that were processed together with the samples for sequencing. All negative controls were processed according to the same protocols.

The DNA was amplified by polymerase chain reaction (PCR) with a bacterial 16S rRNA gene V4 region universe primer pair (341F: 5’-ACT CCT ACG GGA GGC AGC AG-3′ and 806R: 5′-GGA CTA CHV GGG TWT CTA AT-3′; Zhong et al., 2018). Barcoded libraries were generated and the products were sequenced on the HiSeq2500 platform (BGI, Wuhan, China) using the PE300 module. Clean tags were assigned to ASVs using DADA2 (Divisive Amplicon Denoising Algorithm) software in the Quantitative Insights Into Microbial Ecology (QIIME) 2 package, and tags with ≥100% similarity were clustered to the same ASV. Representative ASVs were annotated using Silva_species_assignment_v138 reference database. The ASVs without annotation or annotated to polluted species were removed. Picrust2 (v2.2.0) was used for function predictions.

Common and specific ASVs among groups were compared and displayed in R 3.6.2 with “venn” package (v3.1.1) and Bray-Curtis similarities were calculated in R with “vegan” package (v3.5.1). Alpha diversity was applied to analyze the complexity of species diversity of a sample using Chao 1, ACE, Shannon, and Simpson indices. All indices of our samples were calculated with Mother (v1.31.2). Observed species and Chao 1 were selected to identify community richness, whereas Shannon was used to identify the community diversity. Beta diversity was calculated on both weighted and unweighted UniFrac using QIIME (v1.80). Partial least squares discrimination analysis (PLS-DA) was built using the mixOmics package (v3.2.1) in R. The differential abundance at the phylum, class, order, family, genus, and species levels between groups were performed using LEfSe, with p ≤ 0.01 and LDA ≥ 2.



Bacteria

Stenotrophomonas maltophilia (ATCC #13637 = CGMCC#1.1788 = BCRC#10737 = DSM#50170 = LMG#958 = NBRC#14161 = NCTC#10257) were purchased from the China General Microbiological Culture Collection Center. S. maltophilia were cultured in nutrient broth (Solarbio #n8300, China) at 30°C in an aerobic chamber for 24 to 48 h.



Animals and treatments

Female A/J mice aged 5 weeks were purchased from GemPharmatech Co., Ltd (Nanjing, China). All mice were housed in a specific-pathogen-free (SPF) environment with access to a standard chow diet and drinking water ad libitum. After a week of acclimation, mice were randomly divided into control group (CTL), bacteria solution (S. maltophilia) group, NNK treatment group (NNK, 100 mg/kg, biweekly for 4 weeks), and NNK + bacteria solution group (NNK_ S. maltophilia; n = 8 per group). The mice were injected intraperitoneally (i.p) or intratracheal inoculation (i.t) at the indicated doses and timepoints (Figure 2A). The intratracheal inoculation of S. maltophilia (1.5 × 106 cfu/mL) were performed as described (DuPage et al., 2009). All mice were treated in accordance to the guidelines of the European Community (Directive 2010/63/EU) and the procedures were approved by the Committee of Ethics in Jiangnan University (#JN. No 20211130a0320401[504]).



Histology and immunohistochemistry

The left lobe of the lung from the sacrificed mice was harvested and fixed by 4% paraformaldehyde. After embedding, sections were prepared and stained with hematoxylin–eosin. IHC staining was performed on unstained sections after antigens retrieval with citrate buffer (10 mM Sodium Citrate, 0.05%Tween 20, pH6.0; Jin et al., 2019). The following antibodies were used, including Ki-67 (1: 200 Abcam #ab16667, Cambridge, United Kingdom) and P53 (1: 2000 proteintech #60283-2-Ig, Chicago, United States), secondary antibody (MXB Biotechnologies #KIT-9922, Fuzhou, China). Digitally scanned images of stained slides were created with the Panorama MIDI (3DHISTECH Ltd., Budapest, Hungary).



Cell culture, treatment, and viability assay

The A549 cell lines were kindly provided by Stem Cell Bank (Chinese Academy of Sciences). Cell were maintained in RPMI1640 (Gibco #11875093, Waltham, MA, United States) containing 10% FBS (Gibco #10099141C, Waltham, MA, United States), 1% Penicillin–Streptomycin-Amphotericin B Solution (Beyotime #C0224-100 ml, Shanghai, China), cultured in an incubator at 37°C under 95% air and 5%CO2. Cells were grown and 1 × 106 cells plated in each well (6-well plates with 2 ml of media) and exposed them to different microbial challenges under in vitro experiments. Cells were infected with S. maltophilia (ATCC #13637) at three different multiplicy of infection (MOI) of 1, 10, and 100 for 4 h. Then the cells were washed twice, and incubated with fresh culture medium for 12 h. For heat inactivation, the bacteria were incubated at 60°C for 15 min. Cell viability was detected by a cell counting Kit-8 (Teyebio #TY0312, Shanghai, China) according to the manufacturer’s instruction.

A549 cells were chosen to perform further experiments. A549 cells (2 × 105) were seeded in a 6-well tissue culture plate with 2 mL antibiotic-free RPMI-1640 medium supplemented with 10% FBS. When cells reached 60–80% confluence, the cells were transfected with HDAC5 siRNA, and control vector (Guangzhou RiboBio Co., Ltd., Guangzhou, China) using LipoRNAi™ Transfection Reagent (Beyotime, #C0535, Shanghai, China) according to the manufacturer’s specification. Then, A549 cells were incubated with the compound at 37°C in a CO2 incubator for 6 h. Following, the transfection mixture was replaced with fresh medium to culture for 48 h. Finally, the A549 cells were assayed using the appropriate protocol.



Transwell migration assay

For Boyden chamber assays, cell suspension (1 × 105cells) was placed into the upper compartment of a 8 μM pore size Transwell chamber (Merck #PTEP24H48, Billerica, MA, United States) in 24-well plate. In each well, serum-free medium was used in the top chamber, while medium containing 10%FBS were used in the bottom chamber. After 24 h culture, cells migrated to the bottom side of the membrane were fixed and stained with the 0.1% crystal violet solution. The migrated cells was counted in five randomly chosen fields per filter from triplicate filters per sample at ×400 magnification. The cell migration index was calculated as the number of cells able to migrate normalized to controls (mean ± SEM).



Fluorescence in situ hybridization

FISH was conducted with the paraffin-embedded lung tissue according to the protocol described previously (Geller et al., 2017). Briefly, after deparaffinization and rehydration, the slides were incubated with 0.2 M HCl for 12 min at 37°C, and then were incubated with Triton at 37°C for 17 min. Slides were washed twice with PBS and incubated with lysozyme for 15 min at 37°C, and then they were hybridized with the probe specific to ASV4. Before visualization, DAPI was added to the slides. The S. maltophilia probe used for FISH was: GTC GTC CAG TAT CCA CTG C, 5′ modification: Cy3 (Liu et al., 2022). Then the images were captured using Confocal Laser Scanning microscopy (Carl Zeiss Microscopy, United States).



RNA isolation and qRT-PCR analysis

RNAs were extracted from lung tissues and cells using Trizol reagent (Invitrogen, Waltham, United States) and were reversely transcripted into cDNAs. MultiScribe Reverse Transcriptase (Abm #G492, Canada) was used for cDNA synthesis, and then qRT-PCR was performed by using SYBR™ Select Master Mix (Thermo Fisher Scientific, Waltham, United States) according to the manufacturer’s protocols. Gene expression was measured relative to the endogenous reference gene β-actin using the comparative ΔCT method.

Sequences of the specific primer sets are as follows: HDAC5 (NM_001015053.2), forward, 5′-GTG ACA CCG TGT GGA ATG AG-3′; reverse, 5′- AGT CCA CGA TGA GGA CCT TG; β-actin (NM_001101.5), forward, 5’-CTC TTC CAG CCT TCC TTC CT-3′; reverse, 5’-AGC ACT GTG TTG GCG TAC AG-3′.



Immunoblotting

Cells were lysed in RIPA buffer (Yeasen, Shanghai, China) and followed by 12% SDS-PAGE separation. Separated proteins were transferred onto polyvinylidene difluoride (PVDF) membranes (Merck Millipore, Billerica, MA, United States). The membranes were blocked by 5% bovine albumin in tris-buffered saline plus 0.1% Tween 20 for 1 h at room temperature. The membranes were probed with HDAC5 Antibody (Abcam, #ab55403, Cambridge, United Kingdom) and then probed with anti-rabbit IgG Antibody (Cell Signaling, #7074P2, Danvers, MA, United States). After washing with TBS-T, the membranes were visualized with SuperSignal West Pico PLUS substrate (Thermo Fisher Scientific Inc., Waltham, MA, United States). GAPDH Antibody (Cell Signaling, #5174S, Danvers, MA, United States) was used as a loading control.



Library construction, RNA-seq, and data analysis

The total RNA isolated from each lung tissue sample was applied to RNA-Seq library preparation, by following the protocol described before (Zhu et al., 2018). Briefly, the mRNA was purified by oligo dT-attached magnetic beads and fragmented into small pieces, followed by first-strand and second-strand cDNA synthesis. After PCR amplification, purification, heat denaturation and cyclization, the final cDNA library was sequenced on the BGISEQ-500 platform (BGI-Shenzhen, China) using 50-bp single reads.

The sequencing data was filtered with SOAPnuke (v1.5.2; Li et al., 2008) by (1) Removing reads containing sequencing adapter; (2) Removing reads whose low-quality base ratio (base quality less than or equal to 5) is more than 20%; (3) Removing reads whose unknown base (“N” base) ratio is more than 5%, afterwards clean reads were obtained and stored in FASTQ format. The clean reads were mapped to the reference genome using HISAT2 (v2.0.4; Kim et al., 2015). Bowtie2 (v2.2.5; Langmead and Salzberg, 2012) was applied to align the clean reads to the reference coding gene set, then expression level of gene was calculated by RSEM (v1.2.12; Li and Dewey, 2011). Essentially, differential expression analysis was performed using the DESeq2 (v1.4.5; Love et al., 2014). with |log2 (Fold change)| > 0.4 and Q value ≤0.05. The heatmap was drawn by pheatmap (v1.0.8) according to the gene expression level calculated by RSEM (v1.2.12). GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genome) enrichment analysis of annotated different expressed gene was performed by Phyper based on Hypergeomertric test. The significant levels of terms and pathways were corrected by Q value with a rigorous threshold (Q value ≤0.05) by Bonferroni.



Statistical analysis

Data are expressed as the mean ± SEM (standard error of the mean). All experiments were repeated at least three times. Student’s two-tailed t-test was used for comparing differences between two groups. One-way or two-way ANOVA followed by Tukey–Kramer’s multiple-comparison test was used for multiple comparisons. Significance was set at p < 0.05. GraphPad Prism software (version 8.0, San Diego, United States) was used for statistical analysis.
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Cancer and microbial infections are significant worldwide health challenges. Numerous studies have demonstrated that bacteria may contribute to the emergence of cancer. In this review, we assemble bacterial species discovered in various cancers to describe their variety and specificity. The relationship between bacteria and macrophages in cancer is also highlighted, and we look for ample proof to establish a biological basis for bacterial-induced macrophage polarization. Finally, we quickly go over the potential roles of metabolites, cytokines, and microRNAs in the regulation of the tumor microenvironment by bacterially activated macrophages. The complexity of bacteria and macrophages in cancer will be revealed as we gain a better understanding of their pathogenic mechanisms, which will lead to new therapeutic approaches for both inflammatory illnesses and cancer.
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1. Bacterial diversity in different cancers

The immune system was traditionally thought to render tumors sterile. Thanks to technological advancements, numerous investigations in recent years have discovered that bacteria are prevalent in cancer. Many tumors’ early stages are challenging to recognize, and most malignancies have metastasized by the time of initial diagnosis. The classification of these bacteria may be able to provide us with some information. Testing of bacterial DNA has shown that each cancer type, including those not directly related to the external environment, has a different bacterial composition (Nejman et al., 2020). The goal of this section is to give a summary of the bacteria found in cancer tissue. To gather and compile the microorganisms, we specialize in nine common cancer types: colorectal, gastric, esophageal, pancreatic, gallbladder, lung, breast, cervical, and prostate (Table 1). Pathogenic bacteria and human commensal microorganisms frequently coexist in the enormous and complex microbial community that makes up the human gastrointestinal tract. The gastrointestinal microbiome has a significant impact on metabolic health and general health, and it is also the microbiome that has been studied the most in-depth and is used as a model to study host-microbiota interactions and disorders. In addition to being infrequently researched, the quantity of microbiota living in the other organs is substantially lower than that of the gut and stomach (Sepich-Poore et al., 2021). It’s uncertain how many and how diverse the bacteria are in cancer samples as compared to samples taken from healthy people. The quantity and diversity of bacteria are greater in breast tumor samples than in healthy, normal breast samples (Nejman et al., 2020). Breast cancer tissues of various grades and histological classifications and normal breast tissue differ greatly in terms of their bacterial composition (Nejman et al., 2020). Instead, the lung cancer tissue microbiome is less varied than the corresponding normal tissue microbiome (Peters et al., 2019). In reality, only one specific bacterial species, Helicobacter pylori, which is linked to gastric cancer designated by the World Health Organization as a class I carcinogen (Lunn et al., 2022), and research into other bacterial species’ potential roles as biomarkers in the majority of cancer types has not yet produced any conclusive findings (Scott et al., 2019). There is a large variety of microbial taxa with variable abundance but little overlap in studies of males with prostate cancer (Shrestha et al., 2018). Not only is there a microbiota within cancer, but crosstalk occurs in all organs of the body. The proliferation and composition of bacteria where not in direct contact with the outside world, to some extent, represent the bacteria that can be transferred from one organ to another. The microbiological makeup of the lungs is more similar to that of the oropharynx, and enteric organisms are the primary source of bacterial DNA in cancer patients’ pancreas tissue (Dickson and Huffnagle, 2015). Thanks to developments in polymerase chain reaction and metagenomics, we can now identify microbes more precisely. The researchers distinguish the microbiota of lung cancer tissue using different biological materials, such as bronchial or bronchoalveolar lavage fluid or sputum (Gomes et al., 2019), and the microbiota of prostate cancer using feces or urine microbiomes (Sfanos et al., 2008). But in every experiment, skin-associated germs could contaminate the reagents by transferring them from the personnel’s skin. Cancer-associated microbes in general are sometimes difficult to distinguish, and the study of particular bacteria in malignancies is still in its early stages.



TABLE 1 Summary of the cancer microbiome.
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2. Macrophages in the tumor microenvironment

Macrophages are multipurpose immune cells that perform a variety of tasks, such as regulating tissue homeostasis, protecting against infections, and accelerating wound healing (Wynn and Vannella, 2016). Macrophages are found in peripheral organs because these immunological sentinel cells are crucial in keeping an eye out for invasive infections in the surrounding tissue (Sfanos et al., 2008). When a host is infected by a pathogen, monocytes are drawn to the invasion sites and cytokines are released, which prompt additional immune responses from other immune cells. Indeed, bacteria and their metabolites have recently been shown to affect macrophages and tumor microenvironments. Numerous disorders, including cancer and infections for which there is yet no clear direct link, are affected by macrophage activation. Here, we discuss macrophages from three angles: their origin, their activation indicators, and the bacterial collection that causes them to become polarized. We just briefly touch on the preceding two aspects, because they have recently been discussed (Murray et al., 2014; Wynn and Vannella, 2016; Shapouri-Moghaddam et al., 2018; Christofides et al., 2022). Instead, we focus on the results of macrophage polarization caused by certain bacteria.


2.1. The source of macrophages

All tissues have macrophages, a kind of leukocyte that is divided into various subpopulations according to where it is found and how it functions. Macrophages come from two different origins. On the other hand, tissue-resident macrophages derived from erythro-myeloid progenitors in the yolk sac and fetal liver, or monocyte–macrophage DC progenitors in the bone marrow (Cassetta and Pollard, 2020). Peripheral blood monocytes, which are drawn to tissues by chemokines, can also develop into tissue-resident macrophages (Long et al., 2019). One of the numerous and varied cell groups that make up the tumor microenvironment and can affect tumor formation is the tumor-associated macrophages that populate the tumor tissue (Vitale et al., 2019). It is firmly established that TAMs influence tumor development, immunological control, tumor angiogenesis, and metastasis in the tumor microenvironment (Lin et al., 2019). Although the precise timing and process of this remain unknown, the bulk of TAMs are typically produced from blood monocytes, and tumor monocytes recruited via chemokines like CCL2 enter the tumor to develop into TAMs (Mantovani et al., 2008). Additionally, macrophages in metastatic tumors often referred to as metastasis-associated macrophages (MAMs), have different phenotypes and roles from those in primary tumors. TAMs states in patients have predictive relevance, according to some research, as their abundance correlates with various clinical outcomes (Pittet et al., 2022).



2.2. The polarization and markers of macrophages

Macrophage polarization is a biological process that eventually displays a certain phenotype after functionally responding to microenvironmental signals found in particular tissues. M1/M2 is acknowledged as the most straightforward word to describe macrophage phenotypes, based on the types of activation signals, such as immunological signals, tumor metabolism signals, and cell death signals. The M1 macrophage, a type of classical activation macrophage, plays a crucial role in anti-tumor immunity as well as mediating the host’s defense against a variety of bacteria, protozoa, and viruses. It is also involved in several chronic inflammatory and autoimmune illnesses (Murray and Wynn, 2011). Conversely, the M2 macrophage is an alternatively activated macrophage that devours fragmented and apoptotic cells and has anti-inflammatory and pro-angiogenic activity to control wound healing (Murray and Wynn, 2011). Depending on the activating stimuli received, M2 macrophages have been further divided into M2a, M2b, M2c, and M2d (Shapouri-Moghaddam et al., 2018). TAMs are a polarized novel subset of the M2 macrophage population, which was named M2d in recent studies (Mantovani et al., 2002; Duluc et al., 2007). M1-polarized cells produce ROS and NO more effectively, as well as pro-inflammatory cytokines like TNF-α, IL-1, and IL-6, as well as chemokines like CXCL8, CCL2, CXCL9, and CXCL10. M2-polarized cells express the mannose receptor, which triggers the production of chemokines including CCL17, CCL18, CCL22, and CCL24. They also produce anti-inflammatory cytokines like IL-10 and TGF-β. The expression of macrophage activation indicators, as well as cytokines, chemokines, and other secreted mediators, have all been thoroughly discussed in these papers (Mantovani et al., 2004; Murray et al., 2014; Shapouri-Moghaddam et al., 2018). TAM subpopulations are also first categorized as M1 and M2 macrophages based on the expression of certain markers, with functions assumed to be anti-tumor/anti-inflammation and pro-tumor/pro-inflammation development, respectively. It is usually determined that the majority of TAMs isolated from primary and metastatic cancers exhibit a suppressive M2-like phenotype (Murray and Wynn, 2011). However, because numerous subsets of TAMs display the indicators of both M1-and M2-polarization signatures, this simple nomenclature is unable to discriminate between the varied phenotypes of TAMs (Laviron and Boissonnas, 2019). TAMs are not precisely divided into the M1 and M2 phenotypes in vivo. How to select reliable biomarkers to classify TAMs in the marker database remains the main issue of research nowadays.



2.3. Macrophage polarization by bacteria

In response to cues from the immediate milieu, macrophages can change from one functional phenotype to another. Particular signaling sources like pathogenic sources might cause phenotypic flipping in macrophage populations and promote the development of tumors. Although most microorganisms are phagocytosed and killed by macrophages, some bacteria live in macrophages as opportunistic residents and utilize them for replication (Geller et al., 2017). M1 macrophages are mediated by microbial stimuli, including intracellular bacteria, to support cytotoxic activity and infection resistance. To thrive in the microenvironment, some bacteria can increase M2 polarization or interfere with M1 polarization. To avoid cytotoxic effects and circumvent the cellular immune response, microbes like Mycobacterium tuberculosis may mediate M2-polarized macrophages (Kaufmann, 2016). Table 2 lists the phenotypes of macrophages in response to bacterial pathogens in the context of oncology. Our understanding of functional markers may be too simplistic, while the use of complex markers may be confusing for researchers outside of immunology. All things considered, we continue to define pro-tumor/pro-inflammatory macrophages as M1 and anti-tumor/anti-inflammation macrophages as M2. However, it should not be forgotten that a particular live scene is unlikely to fall exactly into the combinations in Table 2, and a deeper study is needed to obtain further information and standardization (Figure 1).



TABLE 2 An aggregate list of bacterial-driven macrophage polarization that has been studied is currently available.
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FIGURE 1
 Summary of macrophages in the tumor microenvironment. (A) Origins of Macrophages. (B) Cytokines associated with macrophage differentiation to the classically and alternatively activated subsets.





3. Molecular mechanisms involved in bacterial-driven macrophage polarization

Since the microbiota has existed in the gut since human birth, the immune system and bacteria may have always been connected. Different bacterial species use both common and distinctive intrinsic mechanisms to either support or kill cancer. When it comes to host-pathogen interactions, living bacteria or bacterial components typically trigger innate immune cell reactions and cause immune cells, such as monocytes and macrophages, to migrate to tumors. Several bacteria are known to be connected to cancer, such as Helicobacter pylori and Salmonella typhi that have been shown to affect tumor growth (Lax and Thomas, 2002). However, the method by which bacteria in tumors interact with macrophages to select for the M1/M2 activation pathway is rarely discussed. In this part, we examine the molecular processes by which typical bacteria influence the polarization of macrophages in tumors, focusing on some of the well-known strains, such as Fusobacterium nucleatum, Helicobacter pylori, and Propionibacterium acnes.


3.1. Bacteria significantly linked to cancer


3.1.1. Fusobacterium nucleatum

A member of the bacterial genus that may cause cancer is called Fusobacterium nucleatum, a Gram-negative anaerobic bacterium. Fusobacterium nucleatum has been discovered as a periodontal pathogen and has been preferentially isolated from the oral cavity. Additionally, it has been extensively addressed how F. nucleatum and colorectal cancer are related (Hashemi Goradel et al., 2019). The Toll-like receptors recognize the molecular characteristics of pathogens, and each TLR elicits a different cellular response to the pathogen. In the microenvironment of colorectal tumors, F. nucleatum has been shown to enhance macrophage M2 polarization through a TLR4-dependent mechanism. Infection with F. nucleatum may also activate the IL-6/p-STAT3/c-MYC signaling pathway in macrophages in a TLR4-dependent manner (Chen et al., 2018). The study further illustrates that F. nucleatum promotes M2 macrophage polarization through activation of the TLR4/NF-κB/S100A9 cascade (Hu et al., 2021). The transcriptional stimulation of downstream NF-κB and STAT3, which can activate the survival pathway of tumor cells, is one of the main functions of TLR signaling. Fusobacterium nucleatum has been demonstrated to promote the growth of colorectal cancer via stimulating TLR4 signaling to MyD88, which then triggers the nuclear factor NF-κB and miR21 production (Yang et al., 2017). Fusobacterium nucleatum regulates miR-1,322/CCL20 through the NF-κB signaling pathway in colorectal cancer cells ultimately inducing macrophage M2 polarization (Xu et al., 2021). By releasing bioactive chemicals, bacteria can impact the host or nearby cells. A potential new marker for colorectal cancer is AI-2 in the gut microbiota (Li et al., 2019). Interestingly, AI-2 of F. nucleatum can promote macrophage M1 polarization via TNFSF9/IL-1β signaling (Wu et al., 2019).



3.1.2. Helicobacter pylori

Helicobacter pylori is a Gram-negative bacterium that when infected can cause chronic gastritis and subsequently increase the risk of developing gastric tumors in infected patients. M2-polarized macrophages identified by the CD163 molecule were substantially expressed in gastric cancer and lowly expressed in marginal tissues, implying that macrophage polarization is intimately related to gastric cancer (Zhu et al., 2020). Macrophages detect the presence of pathogen-associated molecular patterns from H. pylori using PRRs such as TLRs and NLRs. Inflammation caused by H. pylori infection is associated with the expression of TLR4 and TLR9. TLR9 is found in the intracellular compartment and can recognize nucleic acids from bacteria. TLR4 plays a major role in the inflammation of the superficial gastric lining, whereas TLR9 plays a major role in the inflammation of gastric cancer (Wang T. R. et al., 2014). Bacterial peptidoglycan particles are detectable by NOD1. NOD1 collaborates with TLRs to detect bacteria and mediate the production of inflammatory factors. Loss of NOD1 accelerates stomach carcinogenesis in a mouse model. The wild-type phenotype of macrophages rapidly changed from M2 to M1 after the H. pylori infection. While wild-type macrophages convert to a mixed M1-M2 phenotype after infection with H. pylori, NOD1-deficient macrophages exhibit a more pronounced M2 phenotype (Suarez et al., 2019). Another study found that the deletion of MMP7 boosted M1 macrophage polarization and raised the risk of gastric cancer brought on by H. pylori (Krakowiak et al., 2015). Certain miRNAs may play a role in the bacterial infection’s ability to persist. Helicobacter pylori can upregulate miRNAs targeting CIITA, thereby suppressing HLAII expression on macrophages which plays a key role in the presentation of antigens to T lymphocytes (Codolo et al., 2019; Coletta et al., 2021). After an H. pylori infection, macrophages regulate the release of proinflammatory cytokines via the increased expression of miR-155 (Yao et al., 2015).




3.2. Bacteria significantly linked to infection


3.2.1. Propionibacterium acnes

Propionibacterium acnes is a Gram-positive bacterium known as a cutaneous commensal. However, it can also manifest as an opportunistic pathogen, which gives the impression of intrusion. Through TLR4/PI3K/Akt signaling, P. acnes encourages M2 macrophage polarization in gastric cancer (Li et al., 2021). Regardless of the existence of malignancy, P. acnes infection can be found in the macrophages and epithelial cells of the prostate gland. However, persistent inflammation is linked to P. acnes-positive macrophage populations and is most likely a factor in the development of cancer. Both TLR4 and TLR2 are capable of identifying lipids and the LPS that Gram-negative bacteria generate. Interestingly, Kim et al. showed that P. acnes triggered an inflammatory response in macrophages by the activation of TLR2 while the TLR ligand may be the peptidoglycan (Kim et al., 2002). Due to the late discovery of the pathogenicity of P. acnes, little is known about this bacterium.



3.2.2. Staphylococcus aureus

Staphylococcus aureus is the leading causative agent in pneumonia and is initially cleared from the bloodstream by liver macrophages also called Kupffer cells. These infected cells will spread intracellular S. aureus throughout the body if they are unable to kill it, leading to disseminated infection. The virulence regulation of S. aureus is more sophisticated than that of many other bacterial pathogens. When combined with a strong Arg-1 induction, S. aureus biofilms can reduce iNOS expression and drive M2 macrophage polarization (Thurlow et al., 2011). In extramammary Paget S disease, S. aureus may be exacerbated by IL-17 and M2 macrophage polarization (Tuohy et al., 2020; Sakamoto et al., 2021). TGF-β levels were lower and inflammatory cytokines were more prominent in macrophages exposed to S. aureus in co-culture with osteosarcoma (Tuohy et al., 2020). The majority of the time, significant expression of conventional HDAC enzymes are linked to cancer, and it frequently indicates advanced disease and a poor prognosis for the patient. Interestingly, S. aureus-derived lactate inhibits the negative regulator HDAC11 to augment leukocyte IL-10 production in an HDAC6-dependent manner in the mouse prosthetic joint infection model (Heim et al., 2020). IL-10 expression correlated with the expression of HDAC6 and HDAC11 was also reported in M. tuberculosis infection (Wang et al., 2018).




3.3. Engineered bacteria


3.3.1. Bacillus Calmette-Guérin

Natural bacteria have been modified to acquire therapeutic functions as a result of the development of bioengineering technology. Bacillus Calmette-Guérin, a vaccine against tuberculosis, contains live-attenuated and non-toxic M. tuberculosis. The most advanced immunotherapy now available for non-muscle-invasive bladder cancer is BCG (Seow et al., 2010). To prevent the growth of malignancies, BCG instructs monocyte precursor cells to differentiate into functioning mature macrophages (Italiani and Boraschi, 2014). The pathogen BCG activates the MyD88 signaling pathway downstream of the cell surface TLRs, which in turn activates NF-κB and encourages cytokine transcription (de Queiroz et al., 2021). Through the TLR2/TLR4/IRF5 pathway, TRIM59 expression is elevated in BCG-activated macrophages (Jin et al., 2017). TRIM59 is a membrane protein expressed on macrophages that can increase the M1-polarized macrophages inside the tumor (Tian et al., 2019). In addition, BCG inhibits cervical carcinoma progression by promoting M1 macrophage polarization and inhibiting the pro-tumor activation of M2 macrophages via the Rb/E2F1 signaling pathway in Hela cells (Liu et al., 2021).



3.3.2. Salmonella

Salmonella species are facultative intracellular pathogenic bacteria that can invade and proliferate in macrophages and dendritic cells. In Salmonella-infected macrophages, the fatty acid regulator PPARδ is increased and may be linked to M2-polarized macrophages (Eisele et al., 2013) and the PI3K/Akt pathway in gallbladder cancer can facilitate migration and invasion due to CCL18 produced by M2 macrophages (Zhou Z. et al., 2019). While some studies suggest that engineered Salmonella bacteria help tumor-associated macrophage polarization (see Figure 2) to achieve enhanced antitumor immune response in vivo. The anti-tumor effect of engineered Salmonella also appears to induce infiltration of abundant immune cells through TLR4 signaling. Molecular mechanisms suggest that this may be due to the presence of LPS in the outer membrane of Gram-negative bacteria thereby activating the TLR4/MyD88 pathway that mediated CCL2 production (Akhter et al., 2018). Some of the attenuated Salmonella strains and their derivatives used as drug carriers have also been tested in early clinical trials. A newly engineered Salmonella typhimurium strain called YB1 was reported to induce enhanced HLA-DR expression and reduced CD206 expression, and to remodel macrophages from the M2-to M1-polarized (Yang et al., 2018). Additionally, heterologous flagellin from the bacterial pathogen Salmonella activates the TLR5 pathway and changes tumor-infiltrating macrophages into M1-polarized macrophages (Chen et al., 2021). Another engineered bacteria that secrete FlaB via dual pathways, TLR4 and TLR5, also leads to M1-polarized macrophages (Zheng J. H. et al., 2017).

[image: Figure 2]

FIGURE 2
 Schematic representation of mechanisms of bacteria-induced macrophage polarization.






4. Effect of activated macrophages on the tumor microenvironment

While studies targeting the direct relationship between cancer and microbiome are quite limited at present, there have been some interesting studies demonstrating that certain pathogenic processes, such as altered metabolic states and chronic inflammation, display commonality across cancers (Trinchieri, 2012; Andrejeva and Rathmell, 2017). Microbiota participates in shaping an immune-tolerant environment through the recruitment and activation of macrophages and is characterized by the accumulation of pro-inflammatory factors including metabolic intermediates and effectors. These pro-inflammatory factors aid in the development of cancer by promoting angiogenesis, chemoresistance, immune cell suppression, tumor invasion, and metastasis (Coussens and Werb, 2002).


4.1. Dynamic changes in macrophage metabolism

The components of pathogenic organisms, such as LPS are commonly used tools to activate macrophages. LPS stimulation and TLR activation induce a series of biochemical metabolic alterations in macrophages. Metabolomic analysis of LPS-activated macrophages shows downregulation of TCA cycle intermediates and upregulation of aerobic glycolysis, which correlates directly with the expression profiles of altered metabolites (Tannahill et al., 2013; Lauterbach et al., 2019). The TCA cycle is a fragmented process resulting in the secretion of large volumes of metabolites such as lactate and succinate. The production of lactate in LPS-activated macrophages is enhanced and it inhibits the motility of activated T cells in vitro (Haas et al., 2015) and the cytotoxic activity of CD8 + CTLs (Fischer et al., 2007). By activating HIF-1α and MAPK, abundant lactate causes macrophages to produce VEGF and ARG1. Both VEGF and ARG1 promote tumor progressions by inducing angiogenesis and arginase depletion. Succinate is a pro-inflammatory metabolite that inhibits prolyl hydroxylase activity and increases the production of ROS, which stabilizes HIF-1α (Liu et al., 2017). Several genes that promote tumor growth, including MMP9, are also activated by HIF (Zhang et al., 2015). Furthermore, considering that the HIF protein amount is under the control of iron-dependent prolyl hydroxylases (Bruick and McKnight, 2001) and Lcn-2 promotes downstream target gene activation (Bolignano et al., 2010), iron uptake is another mechanism behind the pro-tumorigenic activity of polarized macrophages. Iron is known to regulate the expression of several genes at the transcriptional level, most prominently via the generation of reactive oxygen species and their effects on the activity of NF-κB and other transcription factors (Templeton and Liu, 2003). Iron stimulates cell production of hydroxyl radicals through the overexpression of SOX9, which regulate tumor aggressiveness (Chanvorachote and Luanpitpong, 2016). Under infectious or inflammatory conditions, macrophages increase iron absorption while promoting inflammation (Jung et al., 2015). While macrophages infected with extracellular E. coli K88 reserve iron by elevating hepcidin transcription and increasing iron storage in cells, macrophages infected with intracellular S. typhimurium decrease free iron ions for intracellular bacterial proliferation and utilization (Gan et al., 2019). Reduced intracellular iron levels in macrophages prevent inflammatory cytokines like IL-6 and TNF-α from being translated (Wang et al., 2008). A key mechanism for pathogens to perturb the biochemical metabolism to promote their survival in macrophages is lipid metabolism. Lipid metabolism is a crucial way by which infections disrupt metabolic metabolism to aid in their survival in macrophages. Lipid droplets, which are now acknowledged as a well-established characteristic of many tumors, accumulate excessive amounts of lipids and cholesterol (Beloribi-Djefaflia et al., 2016). By changing the metabolism of host cells, M. tuberculosis encourages the production of macrophages with lipid bodies (Russell et al., 2009). Helicobacter pylori engagement of the intracellular NOD1 leads to the activation of NF-κB, which results in the up-regulation of COX-2 (Chang et al., 2004), and COX-2 plays a key role in the synthesis of lipid inflammatory mediators such as prostaglandins from arachidonic acid. In addition, microbial stimulation triggers the expression of SREBP-1a (Im et al., 2011) and the synthesis of phosphatidylcholine (Sanchez-Lopez et al., 2019), which is linked to the production of IL-1β and IL-18 (Oishi et al., 2017). Increases in dephosphorylation of SHP1 caused by higher levels of oxidative stress from fatty acid oxidation are correlated with tumor progression and involve a variety of immune cell types (Myers et al., 2020; Su et al., 2020).



4.2. Populations and expression of regulatory inflammatory factors in macrophage

In the context of immunity, activated macrophages undergo metabolic adjustments and modify the production of cytokines at the epigenetic, transcriptional, and post-translational levels in response to bacterial sensing. Furthermore, the release of increased concentrations of intermediates and effectors frequently controls the tumor immune microenvironment and aids in the development of tumors. TAMs attract naïve and Th2 lymphocytes and cause inefficient immunological reactions by secreting CCL17, CCL18, and CCL22 (Erreni et al., 2011). Additionally, through producing CCL18, which binds to PITPNM3 on the cancer cell membrane, TAMs in breast cancer increase the invasiveness of cancer cells (Chen et al., 2011). TAMs secrete PD-L1 to inhibit cytotoxic T cells and IL-10 to activate Treg (Zhu et al., 2016; Fang et al., 2021). Additionally, when PD-L1 is inhibited, TAMs may retain tumor immunosuppressive potential by boosting PD-L2 secretion (Umezu et al., 2019). TAMs can directly attract Treg cells to the site of the immunosuppressive milieu by generating CCL20 and CCL22, and they can also activate them by secreting IL-10 and TGF-β (Curiel et al., 2004; Biswas and Mantovani, 2010; Umezu et al., 2019). IL-6 and IL-10 are a group of cytokines, which are inducing tumor invasion and angiogenesis (Tamura et al., 2018). Recent studies showed that TAMs decrease E-cadherin by activating the TLR4/IL-10 signaling pathway promoting epithelial-to-mesenchymal transition in pancreatic cancer (Liu et al., 2013; Yao et al., 2018). Additionally, in transgenic mice models, IL-10 produced by TAMs is the key mediator in tumor resistance to paclitaxel and carboplatin (Ruffell et al., 2014). The IL-6 produced by TAMs promotes chemotherapy resistance in cancer cells by inhibiting the expression of miR-204-5p and activating the STAT3 pathway (Zhu et al., 2017).



4.3. MicroRNA in macrophage exosomes as critical regulators of the tumor microenvironment

Several proteins, including SHIP1, TAB2, and SOCS1, in the innate immune signaling pathways, are targeted by the miR-155 gene, which is increased in macrophages after LPS infection and alters affects the expression of inflammatory mediators (Androulidaki et al., 2009; Ceppi et al., 2009; Cremer et al., 2009). Through a post-transcriptional break, Salmonella can cause the let-7 family to suppress the expression of IL-6 and IL-10 (Schulte et al., 2011). In THP-1 cells infected with M. tuberculosis, miR-206 expression is noticeably elevated, and this raised miR-206 favorably regulates inflammatory cytokines and MMP9 via targeting TIMP3 (Fu et al., 2016). These are shown miRNA could regulate the modulation of innate immunity signaling pathways. The primary mechanism for extracellular miRNA synthesis uses exosomes with energy-dependent active secretion. Exosomes are extremely small extracellular vesicles that contain proteins, lipids and nucleic acids, among other active components (Tan et al., 2020). In pancreatic ductal adenocarcinoma, it has been discovered that TAM-EVs transport miR-501-3p to suppress TGFBR3 expression, activate the TGF-β pathway, and encourage tumor migration and invasion (Yin et al., 2019). The advancement of gastric cancer is aided by M2 macrophage-derived extracellular vesicles through a miR-130b-3p/MLL3/GRHL2 signaling cascade (Zhang et al., 2020b). Exosomal miRNAs may have an impact on the biology of different cell types in TME. The STAT3 pathway is inhibited and Treg/Th17 cell imbalance is produced by TAM-EVs enriched in miR-21-5p and miR-29a-3p (Zhou et al., 2018). MiR-29a-3p controlled the FOXO3/AKT/GSK3 axis to suppress the expression of PD-L1, and PD-L1 expression can impair CD8 + T cell activity, causing immunological escape (Lu et al., 2021). TAM-EVs also contribute significantly to the pathophysiology of tumor chemoresistance (Figure 3). MiR-21 from tumor-associated macrophages that is transferred exosomal provides cisplatin resistance on gastric cancer cells by enhanced activation of PI3K/AKT signaling pathway by down-regulation of PTEN (Zheng P. et al., 2017).
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FIGURE 3
 Potential involvement for macrophages that have been triggered by the microbiome in the tumor microenvironment. (A) By modifying the expression of intermediate metabolites, activated macrophages can modify glucose metabolism, iron cycling, and lipid metabolism and control the tumor microenvironment. (B) Activated macrophages release a variety of cytokines, chemokines, and growth factors that influence tumor formation by boosting cell proliferation and decreasing the activity of immune cells that can destroy tumors, like cytotoxic T cells. (C) Macrophage-derived exosomal miRNAs alter the immunological milieu by targeting proteins and activating molecules.





5. Discussion

Studies on the microbiome have progressed from focusing on the cultivation of oral and intestinal bacteria to mechanistically understanding the link between host and microbiome, and more recently, to microbial profiles of all ecological niches in the body. The use of specific microbial signatures of cancer types may improve early and minimally invasive diagnostic approaches, and in this review, we discuss the bacteria in different cancer. However, the part of cancer most clearly associated with bacterial species remains ill-defined. The speculation of the presence of microbiota within tumors was finally confirmed by sequencing-based diagnosis, but there are many challenges in discriminating tumor-specific bacteria. The most frequent issues are biased results brought on by the use of various tissue sample processing techniques and the confounding of chemicals or environmental pollutants. Exogenous bacteria can now be used as potential immunotherapeutic agents or as a neoadjuvant in the treatment of cancer (St Jean et al., 2008). We will be able to identify distinct pathways that can be exploited for diagnostic, preventative, and therapeutic purposes if we can more precisely identify a particular strain in the tumor.

The host’s metabolism and immunity can be altered by the microbiota and its secreted components, which in turn can affect antitumor immunity. Numerous pathways suggest that bacteria acting as foreign microorganisms may indirectly contribute to the beginning or development of cancer. Unexpectedly, bacteria may multiply in macrophages and control them via a variety of interference tactics (Rosenberger and Finlay, 2003). During tumorigenesis and regression, macrophage polarization appears to act as an intermediate process that is activated by certain signals. Macrophages exhibit different phenotypes after receiving multiple stimulations which act on different receptors and thus exert regulatory effects by acting on multiple signaling pathways. It is a complicated story about how bacteria and macrophages interact. It should be emphasized that host cells are frequently cultivated in vitro for the majority of research against pathogens, including bacteria. Macrophage polarization is a result, and the molecular pathways of bacteria-driven macrophage polarization ought to connect to a particular environment concurrently, as the tumor microenvironment is a special environment that has the potential to preferentially generate macrophage polarization. In this article, we went over the molecular mechanisms of bacterial-induced macrophage polarization as well as the impact of activated macrophages on the tumor microenvironment.

A causal link between microbial enrichment in cancer and cancer itself cannot be shown, but understanding the relationships between microbes, macrophages, and cancer cells requires in-depth functional analysis per microbial scale is necessary. On one hand, one way to increase the efficiency and safety of tumor-targeted medicines is to modify bacteria using research on such pathogen-macrophage interactions. On the other hand, molecular mechanisms of cell polarization provide information and guidance for switching macrophage polarity in cancer.
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Introduction: Influenza A virus (IAV)-induced dysbiosis may predispose to severe bacterial superinfections. Most studies have focused on the microbiota of single mucosal surfaces; consequently, the relationships between microbiota at different anatomic sites in IAV-infected mice have not been fully studied.

Methods: We characterized respiratory and gut microbiota using full-length 16S rRNA gene sequencing by Nanopore sequencers and compared the nasopharyngeal, oropharyngeal, lung and gut microbiomes in healthy and IAV-infected mice.

Results: The oropharyngeal, lung and gut microbiota of healthy mice were dominated by Lactobacillus spp., while nasopharyngeal microbiota were comprised primarily of Streptococcus spp. However, the oropharyngeal, nasopharyngeal, lung, and gut microbiota of IAV-infected mice were dominated by Pseudomonas, Escherichia, Streptococcus, and Muribaculum spp., respectively. Lactobacillus murinus was identified as a biomarker and was reduced at all sites in IAV-infected mice. The microbiota composition of lung was more similar to that of the nasopharynx than the oropharynx in healthy mice.

Discussion: These findings suggest that the main source of lung microbiota in mice differs from that of adults. Moreover, the similarity between the nasopharyngeal and lung microbiota was increased in IAV-infected mice. We found that IAV infection reduced the similarity between the gut and oropharyngeal microbiota. L. murinus was identified as a biomarker of IAV infection and may be an important target for intervention in post-influenza bacterial superinfections.
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Introduction

The risk of a novel influenza A virus (IAV) pandemic looms as a major global public health threat (Iuliano et al., 2018). Secondary bacterial infection following influenza is a prevalent cause of severe pneumonia and death (McCullers, 2014). The normal host microbiome resists colonization by pathogens through niche competition and host immune regulation, and plays an important role in post-influenza bacterial superinfection (Dominguez-Bello et al., 2019).

The intestinal microbiome includes 1014 bacteria representing 1,000 species, which are closely related to host metabolism, immunity and mental health (Lynch and Pedersen, 2016). Patients with IAV infection exhibited significantly decreased diversity and abundance of gut microbiota, including a significant reduction in the relative abundance of Actinomycetes and Firmicutes at the phylum level and anaerobic butyrate-producing bacteria (Racinobacteriaceae and Ruminococcaceae) at the family level (Gu et al., 2020). Intestinal dysbiosis dysregulates host CD4+ and CD8+ T cell generation and antibody response, and aggravates IAV-induced lung pathology (Ichinohe et al., 2011). In addition to the gut microbiome, respiratory microbiota also plays an important role in IAV infection. Due to differences in anatomy and development, the human respiratory tract can be divided into the upper and lower respiratory tracts (URT and LRT, respectively). IAV infection can significantly alter the URT microbiome, including oropharyngeal and nasopharyngeal microbiota. For example, IAV-infected children had lower abundance of Moraxella, Staphylococcus, Clostridium and Duchenne spp. in the nasopharynx, and Streptococcus, Neisseria and Hemophilus spp. in the oropharynx than healthy children (Wen et al., 2018). In healthy adults, lung microbiota originates primarily from the oropharynx by direct mucosal dispersion and micro-aspiration (Bassis et al., 2015). A murine model demonstrated that IAV infection induced a long-term LRT dysbiosis that featured a clear shift from Alphaproteobacteria to Gammaproteobacteria and a significant increase in the relative abundance of Streptococcus and Staphylococcus spp. (Gu et al., 2019). Although multiple studies have characterized the changes of respiratory tract and gut microbiota after IAV infection, most have focused on specific anatomic sites. Correlations between URT, LRT and gut microbiota during IAV infection have not been studied fully. In addition, due to the read length limitation of second-generation sequencing, few species-level studies of host dysbiosis during IAV infection have been conducted.

To further understand the changes and correlation between URT, LRT and gut microbiota during IAV infection, we performed full length 16sRNA gene sequencing of nasopharyngeal, oropharyngeal, lung and gut microbiota using Nanopore sequencing technology in a murine model. We found that IAV infection altered the microbiota structures of the URT, LRT and gut. The lung microbiota was more similar to nasopharyngeal than oropharyngeal microbiota in healthy mice. However, the similarity between nasopharyngeal and lung microbiota deceased during IAV-infection. We also observed that IAV infection reduced the similarity between gut and oropharyngeal microbiota. In addition, we found representative species responses to IAV infection. For example, IAV infection decreased the relative abundance of Lactobacillus murinus in the respiratory tract and gut.



Materials and methods


Animal model and sample collection

Twenty C57BL/6 N female mice (6 weeks of age) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (China) and adapted in specific pathogen-free conditions (5 mice/cage) for 1 week. Mice were randomly divided into two groups (n = 10): a PBS mock infected (Mock) group and an IAV-infected (IAV) group. To establish a murine model of IAV infection, mice of the IAV group were anesthetized with 0.3% pentobarbital sodium (intraperitoneal injection, 50 mg/kg) and infected intranasally with 25 μl sterile PBS containing strain A/Puerto Rico/8/34 (60 PFU). Control mice were mock infected with 25 μl sterile PBS. One nasal drip experiment for each mouse. All mice in the IAV group and Mock group were infected in the same day. All mice had access to water and food under a strict 12 h light/dark cycle. All animal procedures for animal raising and handling were approved by the Animal Care and Use Committee of Chinese PLA Center for Disease Control and Prevention. All animals were euthanized with 0.3% pentobarbital sodium (intraperitoneal injection, 150 mg/kg) on post-infection day-4. After weighing the fresh lungs, left lungs were stored at-80°C and right lungs were fixed in 4% paraformaldehyde for hematoxylin and eosin (H&E) staining. The lung index was calculated with the formula: lung index = [(lung weight/g)/(bodyweight/g)] × 100% (Gao et al., 2020). Nasopharyngeal lavage fluid (NLF) was collected as reported previously (Puchta et al., 2014). Oropharyngeal samples were collected using swabs and placed in 1 ml sterile PBS at 4°C. Bronchoalveolar lavage fluid (BALF) was collected by washing the bronchoalveolar tree three times using 1 ml sterile PBS. Fecal samples were collected and stored at-80°C for further experiments.



Hematoxylin and eosin staining

Fresh right lung tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Prepared embedded lung tissues were cut into 3–5 μm-thick sections and stained with H&E. Pathological scores were evaluated as reported previously (Renne et al., 2009).



Nucleic acid extraction and qPCR

Bacterial genomic DNA of fresh NLF, BALF and oropharyngeal swabs was extracted using the QIAamp DNA Microbiome Kit (QIAGEN, Germany). Total RNA of fresh NLF, BALF and oropharyngeal swabs was extracted using QIAamp® MinElute® Virus Spin (QIAGEN, Germany). Genomic DNA and total RNA of fecal samples were extracted using AllPrep® PowerFecal® DNA/RNA Kit (QIAGEN, Germany). A control extraction with no sample was performed for each kit. IAV titers of NLF, BALF, oropharyngeal swab and fecal samples were assayed with Luna® Universal Probe One-Step RT-qPCR Kit (NEB, United States). The following primers were used: 5’-GACCRATCCTGTCACCTCTGAC-3′ (Forward primer), 5’-GGGCATTYTGGACAAAKCGTCTACG-3′ (Reverse primer) and 5’-FAM-TGCAGTCCTCGCTCACTGGGCACG-BHQ1-3′ (Probe). Copies of IAV were calculated using the standard curve method.



Full length 16S rRNA gene sequencing and bioinformatics pipeline

Genomic DNA of NLF, BALF, oropharyngeal swab and fecal samples was used for full length 16S rRNA gene sequencing. In addition to the samples, library preparation contained a negative control (Control extraction with no sample) and a positive control (mock community). PCR reactions were conducted using KAPA HiFi HotStart ReadyMix (KAPA Biosystems, United States) and 0.5 μM of Universal-27F (5′- TTTCTGTTGGTGCT GATATTGCAGAGTTTGAT CCTGGCTCAG-3′) and Universal-1492R (5′- ACTTGCC TGTCGCTCTATCTTCTACGACTTAACCCCAATCGC-3′). Cycling conditions were set as 95°C for 3 min; 10 cycles of 98°C for 30 s, 55°C for 1 min and 72°C for 1 min; and 72°C for 5 min. The amplification products were purified using 0.8 × AgencourtAMPure XP Beads (Beckman, United States). Cleaned DNA was barcoded and pooled using PCR Barcoding Expansion Pack 1–96 (EXP-PBC096; Oxford Nanopore Technologies, United Kingdom). A library was prepared for sequencing using Ligation Sequencing Kit (SQK-LSK109; Oxford Nanopore Technologies, United Kingdom) and sequenced on the MinION Mk1B (Oxford Nanopore Technologies, United Kingdom) with R10 flow cell (Oxford Nanopore Technologies, United Kingdom). Raw reads were base-called and demultiplexed using Guppy (V 5.0.11+) to obtain high-quality reads with min_score = 8. The filtered reads were within a size range of 1.2–1.8 kb. Read numbers and mapping rates for each sample are presented in Supplementary Table S1. Emu software was used to estimates species composition distribution based on the Emu v3.0 + database (Curry et al., 2022). Alpha diversity (Shannon and Chao1 indices) and Bray Curtis Distance were calculated by R package vegan (v2.5.7). The principal coordinate analysis (PCoA) was formed by R package ape (v5.6.2). Functional composition and KEGG pathway abundance of microbiota was predicted using PICRUST2 software (Douglas et al., 2022). LEfse analysis was used to identify biomarkers by comparing abundance between groups (Wilcoxon test p < 0.01 and |log10(LDA)| >3).



Statistics

Body weight, IAV titer and histologic scoring were analyzed with unpaired t tests. Shannon index, Chao1 index and bacterial taxa abundance among groups were analyzed with the Mann–Whitney test. ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05.




Results


IAV induced severe respiratory tract infection and lung injury

To validate our murine infection model, we compared body weight, IAV titer and lung pathology between mock and IAV groups. A significant increase in lung index but a significant decrease in body weight were observed in the IAV group compared to the mock group (Figure 1A). We also observed significantly increased IAV titers in the oropharynx, nasopharynx, lung and fecal samples of the IAV group and found the highest IAV titers in the lung (Figure 1B). H&E staining showed that pulmonary injury was induced by IAV infection and featured alveolar wall thickening (Yellow arrow), mononuclear cell infiltration (Black arrows) and bronchial epithelial cell injury (Red arrow). The mean histologic score of the IAV group was significantly higher than that of the mock group (Figure 1C).
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FIGURE 1
 Pathological difference between mock-and IAV-infected mice. (A) Body weight and lung index (n = 10 per group). (B) IAV titers of oropharynx, nasopharynx, lung and fecal samples (n = 10 per group). (C) H&E staining and histologic scoring of right lungs (n = 5 per group). Body weight, IAV titer and histologic scoring were compared by using unpaired t tests *p < 0.05, ** p < 0.01, ***p < 0.001.




IAV infection altered the composition of respiratory tract microbial communities

The diversity (Shannon diversity index) and richness (Chao1 index) of the oropharyngeal, nasopharyngeal and lung microbiota were similar between the two groups (Figure 2A). PCoA analysis showed clearly different oropharyngeal and nasopharyngeal microbiota in IAV group compared with the mock group; however, lung microbiota structures were not significantly different (Figure 2B; Supplementary Figures S1A,B,C).
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FIGURE 2
 Respiratory tract dysbiosis during IAV infection. (A) Shannon diversity and Chao1 indices of oropharyngeal, nasopharyngeal and lung microbiota. (B) 2D-PCoA plots of oropharyngeal, nasopharyngeal and lung microbiota. Relative abundance of the top 10 bacteria at the phylum and genus levels (C). Shannon and Chao1 indices were analyzed with Mann–Whitney test. *p < 0.05, ** p < 0.01, ***p < 0.001. n = 10 per group.


We further examined taxonomic profiles at different classification levels. The most prominent phyla of all samples in the mock group were Proteobacteria and Firmicutes, while the IAV group had a relatively reduced abundance of Firmicutes but increased abundance of Proteobacteria in the oropharynx and nasopharynx. However, these changes were not observed in the lung. At the genus level, Lactobacillus was most abundant in oropharynx and lung, whereas Streptococcus was predominant in the nasopharynx of the mock group. However, the IAV group exhibited different dominant genera at all locations. Pseudomonas was dominant in the oropharynx, whereas Escherichia was most abundant in nasopharynx and Streptococcus was predominant in the lung (Figure 2C). We also investigated species-level changes of respiratory tract microbiota during IAV infection. For the mock group, L. murinus was predominant in oropharynx and lung, whereas Streptococcus respiraculi was most abundant in nasopharynx. For the IAV group, Pseudomonas fluorescens was predominant in oropharynx, Escherichia coli was predominant in nasopharynx, whereas Streptococcus respiraculi was most abundant in lung (Figure 3A). The metabolic function prediction of microbiota showed that IAV infection decreased D-glutamine, D-glutamate and D-Alanine metabolism in the oropharynx and reduced peptidoglycan biosynthesis in the nasopharynx, while increasing pantothenate and CoA biosynthesis in the lung (Figure 3B).
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FIGURE 3
 Characterization of species-level bacteria and functional composition of respiratory tract microbiota during IAV infection. (A) Relative abundance of the top 10 bacterial species of oropharyngeal, nasopharyngeal and lung microbiota in mock and IAV groups. (B) Top 10 significantly altered metabolic pathways of oropharyngeal, nasopharyngeal and lung microbiota between mock and IAV groups. Pathway abundance prediction by PICRUSt2. n = 10 per group. The relative abundance on the x-axis represents the ratio of the corresponding functional abundance to all predicted functional abundances.




Comparison of microbiota structures of respiratory tract sites during IAV infection

We found that the lung microbiota was more similar to nasopharyngeal than oropharyngeal microbiota in the mock group. Moreover, the similarity between lung and nasopharyngeal microbiota was increased in the IAV group compared to the mock group (Figure 4A). These results suggest that IAV infection increased the influence of nasopharyngeal microbiota on lung microbiota. We screened the species with significant differences between the IAV group and the mock group by the Mann–Whitney test and showed the changes at each location on the heat map. Compared with respective locations in mock group, the oropharynx showed a significant difference of 18 species, the nasopharynx displayed a significant difference of 7 species and the lung exhibited a significant difference of 13 species. We identified some species with synchronous alterations at multiple respiratory tract locations in response to IAV infection. For example, compared with mock group, the relative abundance of Lactobacillus animalis, Lactobacillus johnsonii and L. murinus decreased, while the relative abundance of Enterococcus faecalis increased in the oropharynx, nasopharynx and lungs in IAV group. In addition, we found that some species of the URT and LRT responded differently to IAV infection. For example, the relative abundance of S. danieliae, S. respiraculi and Streptococcus suis decreased in the URT but increased in the LRT in the IAV group (Figure 4B).
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FIGURE 4
 Comparison of oropharyngeal, nasopharyngeal and lung microbiota during IAV infection. (A) Similarity analysis of the microbiota of different locations in the IAV and mock groups. (B) Distribution of significantly different species between mock and IAV groups in different sampling locations. Shannon and Chao1 indices among different sampling locations were analyzed with the Mann–Whitney test. Similarity of microbiota of different locations was analyzed with ANOSIM. Bacterial taxa abundance between mock and IAV group was also analyzed with the Mann–Whitney test. ***p < 0.001, **p < 0.01, *p < 0.05. n = 10 per group.




IAV infection reduced the similarity between oropharyngeal and gut microbiota

IAV infection significantly increased the diversity (Shannon diversity index) and richness (Chao1 index) of gut microbiota (Figure 5A). Beta diversity showed that IAV infection strongly influenced the gut microbiota, as results of the mock and IAV groups clustered away from each other (Figure 5B; Supplementary Figure S1D). Firmicutes and Bacteroidetes were the dominant gut bacteria in both the IAV and mock groups. However, IAV infection resulted in an increase in the relative abundance of Bacteroidetes and a decrease in the relative abundance of Firmicutes in gut. At the genus level, IAV infection caused a decrease in the relative abundance of Lactobacillus and an increase in the relative abundance of Muribaculum and Parasutterella (Figure 5C). LEfSe analysis to identify species-level bacteria associated with IAV infection identified 7 species that were differentially abundant between the mock and IAV groups. Lactobacillus intestinalis, Lactobacillus reuteri, L. animalis, L. johnsonii, Helicobacter japonicus and L. murinus were enriched in the mock group, while Parasutterella excrementihominis was significantly more abundant in IAV group (Figure 5D). The metabolic function prediction of microbiota showed that IAV infection decreased D-glutamine and D-glutamate metabolism in gut (Figure 5E). Considering the habitual coprophagy of mice, we analyzed the correlation between gut microbiota and oropharyngeal microbiota in mock and IAV groups and found that the diversity and richness of the gut microbiota were significantly higher than those of the oropharynx in both the IAV and mock groups (Figure 6A). In addition, the oropharyngeal microbiota was more similar to the gut microbiota in mock group than in the IAV group (Figure 6B). We observed the same changes in the relative abundance of some species in the gut and oropharynx after IAV infection. For example, the relative abundance of L. murinus, L. reuteri, L. animalis and L. johnsonii were decreased, while the relative abundance of Phocaeicola sartorii increased in both gut and oropharynx in IAV group (Figure 6C).
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FIGURE 5
 Characterization of gut microbiota and correlation between gut and oropharyngeal microbiota during IAV infection. (A) Shannon diversity and Chao1 indices of gut microbiota in IAV and mock groups. (B) 2D-PCoA plots of gut microbiota in mock and IAV groups (C) Relative abundance of the top 10 bacteria at the phylum and genus levels of gut microbiota in mock and IAV groups. (D) LEfSe analysis at the species level of gut microbiota in mock and IAV groups. (E) Top 10 significantly altered metabolic pathways of gut microbiota between mock and IAV groups. Pathway abundance prediction by PICRUSt2. Statistical analyses of Shannon index, Chao1 index and bacterial taxa abundance were conducted by using the Mann–Whitney test. *p < 0.05, ** p < 0.01, ***p < 0.001.
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FIGURE 6
 Comparison of oropharyngeal and gut microbiota during IAV infection (A) Comparison of the Shannon diversity and Chao1 indices between gut and oropharyngeal microbiota in IAV and mock groups. (B) Similarity analysis between gut and oropharyngeal microbiota in IAV and mock groups. (C) Distribution of gut and oropharyngeal differential species between mock and IAV groups screened by Lefse analysis. Statistical analyses of Shannon index, Chao1 index and bacterial taxa abundance were conducted by using the Mann–Whitney test. *p < 0.05, ** p < 0.01, ***p < 0.001.





Discussion

IAV infection can alter respiratory tract and gut microbiota (Lv et al., 2021; Rattanaburi et al., 2022). As murine models are the most commonly used in vivo systems in influenza research, many experiments have described long-or short-term dysbiosis in IAV-infected mice (Yildiz et al., 2018; Sencio et al., 2021). However, most studies have focused on a single mucosal surface, and have rarely studied the association of microbiota among multiple locations systematically. Therefore, we compared the respiratory and gut microbiota of normal and IAV-infected mice using full-length 16srRNA gene sequencing and analyzed the correlation of microbiota among different anatomic sites in normal and infected mice.

As expected, we successfully established a murine IAV infection model. Previous murine studies have reported that influenza infection decreases body weight and increases lung index (An et al., 2018; Ling et al., 2020). We observed the same results in our experiments. In addition to the respiratory tract, we also detected IAV in the feces of the IAV-infected group. Concordant with our results, virus was also identified in fecal samples from IAV/IBV-infected patients (Hirose et al., 2016). Our histopathologic findings of robust leukocytic infiltration and edema in IAV-infected lung tissue were also observed in a previous study and were associated with protease-activated receptor 4 (Kim et al., 2021).

The respiratory tract is complex, and each segment has its own unique microbiota, which respond similarly or differently to IAV infection. In this study, species diversity and richness of oropharyngeal, nasopharyngeal and pulmonary microbiota in IAV-infected mice were similar to those of normal mice. Consonant with our findings, several studies have shown no significant changes in microbial diversity and richness in the URT and LRT of IAV-infected mice (Planet et al., 2016; Yildiz et al., 2018). However, the composition of the microbiota of the different sites responded differently to IAV infection.

The reduction of relative abundance of L. murinus at all three respiratory tract sites may have altered host immune response and may have also reduced colonization resistance, as evidenced by the increased relative abundance of oropharyngeal and nasopharyngeal P. fluorescens. L. murinus belong to Lactobacillus genus which induces Th17 and RORγt+ regulatory T cells and reduces pulmonary inflammation in tuberculosis (Bernard-Raichon et al., 2021). Moreover, L. murinus provides a barrier against pneumococcal colonization in a respiratory dysbiosis model (Yildiz et al., 2020). P. fluorescens belongs to Pseudomonadales, which typically subsist at low levels in the indigenous microbiota of various body sites, but are related to cystic fibrosis, chronic airway diseases, asthma and non-cystic fibrosis-related bronchiectasis (Scales et al., 2014). The relative abundance of Pseudomonadales also increased in the URT of IAV-infected patients (Kaul et al., 2020).

Interestingly, we found that the relative abundance of S. danieliae was increased in the URT and decreased in the LRT. S. danieliae is a major component of the URT microbiome of healthy mice and is involved in the establishment of oral microbiota (Joseph et al., 2021). However, oral administration of Staphylococcus aureus and S. danieliae aggravated experimental psoriasis in a murine model (Okada et al., 2020). There have been few other reports of S. danieliae to date. Our research showed that the lung microbiota was more like that of the nasopharynx than the oropharynx, which suggests that the nasopharynx may serve as the primary reservoir of lung microbiota in mice. In contrast, the oropharynx is the origin of lung microbiota in human adults (Bassis et al., 2015). The nasopharyngeal microbiota is most similar to the lung microbiota in healthy cattle (McMullen et al., 2020). Moreover, IAV infection increased the similarity between nasopharyngeal and lung microbiota in this study. This may have been related to host innate and adaptive immune responses to IAV (Liong et al., 2020; Wang et al., 2021).

IAV infection can decrease the species diversity of gut microbiota in H7N9-infected humans (Qin et al., 2015). However, our results showed that IAV infection increased intestinal species diversity in mice. This could be due to different viral strains, host responses, or sample collection methods. The relative abundance of Lactobacillus spp. (L. intestinalis, L. reuteri, L. animalis, L. johnsonii and L. murinus) was decreased in IAV-infected mice. Considering the absolute abundance can be estimated from the sequencing counts (Yang et al., 2022), we also evaluated the absolute abundance of Lactobacillus in the genus and species levels between the IAV and Mock groups, and found that change of Lactobacillus was consistent in the absolute and relative abundance (Supplementary Table S2). In general, the decreased abundance of Lactobacillus species may be an important phenomenon of IAV infection. Lactobacillus plays an important role in anti-viral immunity. For example, a previous study showed that Lactobacillus johnsonii supplementation attenuates respiratory viral infection via immune cell modulation (Fonseca et al., 2017). Moreover, the relative abundance of L. murinus was not only decreased in the gut, but also in all three segments of the respiratory tract (oropharynx, nasopharynx, lungs). Reduced relative abundance of L. murinus at all anatomic sites may have reduced colonization resistance. L. murinus maintained intestinal immune homeostasis and mediated anti-inflammatory effects in murine models (Tang et al., 2015; Pan et al., 2018). Probiotic administration of L. murinus prevented salt-sensitive hypertension by modulating TH17 cells in mice (Wilck et al., 2017). Parasutterella excrementihominis was significantly more abundant in gut microbiota in IAV infected mice, and was found in a higher relative abundance in older adults (Fart et al., 2020). Increased relative abundance of P. excrementihominis has been associated with fatty liver disease, chronic bowel inflammation and irritable bowel syndrome (Blasco-Baque et al., 2017; Chen et al., 2018). In addition, IAV infection reduced the similarity of oropharyngeal and gut microbiota. The correlation between murine oropharyngeal and intestinal microbiota may be due to coprophagy (Bogatyrev et al., 2020). Because IAV infection reduces murine alimentation (Bartley et al., 2017), decreased fecal feeding may have lowered the similarity between oropharyngeal and gut microbiota in our infected mice. The murine behavior of coprophagy and subsequent respiratory colonization by enteric microflora brings into question the utility of murine models of post-viral bacterial superinfections.



Conclusion

We characterized the oropharyngeal, nasopharyngeal, lung and gut microbiota and compared the microbiota structure of different mucosal surfaces in normal and IAV-infected mice. In addition, we determined that the nasopharynx is the primary reservoir of lung microbiota in healthy mice. IAV infection increased the similarity between lung and nasopharyngeal microbiota. However, IAV infection reduced the similarity between oropharyngeal and gut microbiota. The relative abundance of L. murinus may serve as a biomarker of IAV infection because it was reduced in all locations.
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Parvimonas

Colorectal cancer  Fusobacteria  Fusobacterium
Stomach cancer Bacteroidetes  Alloprevotella
Stomach cancer Firmicutes Parvimonas
Stomach cancer Firmicutes Dialister
Stomach cancer Firmicutes Streptococeus
Stomach cancer Firmicutes Slackia
Stomach cancer Firmicutes Lactobacillus
Stomach cancer Firmicutes Clostridium
Stomach cancer Firmicutes Staphylococeus
Stomach cancer Firmicutes Veillonella
Stomach cancer Proteobacteria | Helicobacter
Stomach cancer Proteobacteria | Neisseria
Stomach cancer Proteobacteria  Sphingobium
Stomach cancer Proteobacteria  Escherichia; Burkholderia
Stomach cancer Fusobacteria  Fusobacterium
Esophageal cancer  Firmicutes Lactobacillus; Streptococcus
Esophageal cancer  Fusobacteria  Fusobacterium
Pancreatic cancer | Bacteroidetes  Porphyromonas
Pancreatic cancer  Firmicutes Streptococcus; Granulicatella
Pancreatic cancer  Proteobacteria  Pseudoxanthomonas
Pancreatic cancer | Proteobacteria | Neisseria
Pancreatic cancer | Actinobacteria  Saccharopolyspora; Streptomyces
Gallbladder cancer  Bacteroidetes  Bacteroidaceae; Prevotellaceae;
Porphyromonadaceae

Gallbladder cancer ~ Firmicutes Veillonellaceae
Gallbladder cancer  Proteobacteria  Salmonella
Gallbladder cancer | Proteobacteria  Helicobacter
Gallbladder cancer  Proteobacteria  Escherichia
Gallbladder cancer  Proteobacteria  Enterobacteriaceae
Gallbladder cancer  Fusobacteria  Fusobacterium
Lung cancer Bacteroidetes | Prevotella
Lung cancer Bacteroidetes  Capnocytophaga
Lung cancer Firmicutes Streptococcus
Lung cancer Firmicutes Veillonella
Lung cancer Firmicutes Staphylococcus
Lung cancer Firmicutes Lactobacillus
Lung cancer Firmicutes Gemella
Lung cancer Firmicutes Selenomonas
Lung cancer Firmicutes Enterococcus
Lung cancer Firmicutes Megasphacra
Lung cancer Protecbacteria  Enterobacter
Lung cancer Proteobacteria  Acinetobacter
Lung cancer Proteobacteria | Haemophilus
Lung cancer Proteobacteria  Burkholderia
Lung cancer Protecbacteria  Moraxella
Lung cancer Proteobacteria | Neisseria
Lung cancer Proteobacteria  Noviherbaspirillum; Aggregatibacter
Lung cancer Proteobacteria | Brevundimonas
Lung cancer Proteobacteria | Acidovorax
Lung cancer Proteobacteria | Morganella; Escherichia
Lung cancer Protecbacteria  Legionella
Lung cancer Actinobacteria  Rothia
Lung cancer Actinobacteria  Propionibacterium
Lung cancer Fusobacteria  Fusobacterium
Lung cancer Deinococcus- | Thermus

Thermus
Lung cancer Verrucomicrobia | Akkermansia
Breast cancer Firmicutes Bacillus; Staphylococcus
Breast cancer Proteobacteria  Enterococcus
Breast cancer Fusobacteria  Fusobacterium
Cervical cancer Bacteroidetes  Prevotella
Cervical cancer Firmicutes Lactobacillus

Cervical cancer Firmicutes

Firmicutes

Cervical cancer

Cervical cancer Firmicutes

Cervical cancer Firmicutes
Cervical cancer Firmicutes
Cervical cancer Proteobacteria
Cervical cancer Actinobacteria

Cervical cancer Actinobacteria

Cervical cancer Actinobacteria
Cervical cancer Actinobacteria

Cervical cancer Fusobacteria

Cervical cancer Fusobacteria

Cervical cancer Fusobacteria

Prostate cancer Bacteroidetes

Prostate cancer Firmicutes
Prostate cancer Firmicutes
Prostate cancer Firmicutes
Prostate cancer Firmicutes
Prostate cancer Proteobacteria
Prostate Cancer Proteobacteria
Prostate cancer Proteobacteria
Prostate cancer Actinobacteria
Prostate cancer Actinobacteria

Prostate cancer
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Verrucomicrobia

Dialister; Finegoldia Magna;
Peptoniphilus

Parvimonas; Peptostreptococcus;

Anaerococcus

Clostridium

Streptococeus

Megasphaera
Hydrogenophilus; Burkholderia
Atopobium

Gardnerella

Eggerthella

Bifidobacterium

Sneathia

Ieptotrichia
Fusobacterium
Bacteroides
Staphylococcus
Streptococeus
Faecalibacterium
Clostridium
Escherichia
Proteus; Aeromonas
Campylobacter
Propionibacterium
Corynebacterium
Akkermansiaceae
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Strain name

wT

FOM312

A12762

C12762

AgrN

Information

‘Wild type of Fusarium oxysporum JLCC31768,
which was obtained from the Jilin University
Mycology Research Center (He et al,, 2021)
T-DNA inserted mutant with reduced growth and
virulence (obtained in this study)

Deleted FOXG_12762 from wild type (obtained in
this study)

Complemented FOXG_12762 to 412762
(obtained in this study, EGFP contained)
Agrobacterium tumefaciens containing pXEN,
which was obtained from the Jilin University

Mycology Research Center (He et al,, 2021)
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Name
12762LF
12762LR
12762RE
12762RR
12762NF
12762NR

12762p-F
12762p-R

12762+ e-F
12762+ &R

12F
2R

05529proF
05529proR

XF
XR

TRE
TRR

According to the instruction, some primers for vector construction was design with a cohesive end which was wrote as normal letter.

Sequence
GATCTTCACTAGTGGGAATTCAGGGCCGCAACGGAAAC
AGCTCGAATTGCAAGGAGGGAGCGTCAAAGAA
CAGAATAAAGTTTGAGGTCCTGGTGGTGGT
CAGGTCGACTCTAGAGGATCCACCCGTTGCAGTCAAAGCC
CCCTCCTTGCAATTCGAGCTCGGTACCCAG
GGACCTCAAACTTTATTCTGTCTTTTTATTGCCGTCCC

gaccatgattacgecaaget GCTGAGAAGGACAGGCCG
ttaccettettgggaggcat GATGGGCAGTTGGTGGCG
ATGCCTCCCAAGAAGGGTAAG
CTTACTTGTACAGCTCGTCCATGC

CCGCTAGCGCTACCGGACTCAGATCTATGCCTCCCAAGAAGGGTAAGGAGG

ctggectaactggecggtaccCACAGAGGAAGCAGAGCGAATT
caglaccggatigecaagct TCTAGCTCGGCTTTCCACCG

CGAGTGGTGATTTTGTGCC
AAACTGAAGGCGGGAAACGA
GCCTATGGAAAAACGCCAG
CAACTGTTGGGAAGGGCGA

PCR primers for the
construction of the gene

deletion

PCR primers for the
construction of the

complementation vector

PCR primers for
construction of the
vector for Luciferase

reporter assay

PCR primers for

ntification
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Name Sequence

Ful8SF CGCCAGAGGACCCCTAAAC
FulSSR ATCGATGCCAGAACCAAGAGA
05529F GAAGGAGGTTGAGGCTGTCAAG
05529R CGTAGGTGTAGCTGGCATCTC
10116F AGCTCTGATGGTCCCTGGAT
10116R TGCGTTTACAACCAGAAAGCAG
01304F ACCTAAGCGAAACGGGTCTG
01304R ATTGAATGCCGTGGTCTCGT
10419F CGCACTCGACTACATTCCCA
10419R GTGCAGAGATGCCCTTGACT
12762F GTCAAAGAAGGGCAACCAGC
12762R TGGTCTTCAGGACGAATCCAG

The number in the primer name s the same as the gene ID. For example, 12762F is used
for amplification of FOXG_12762. All primers in this table were designed with a T of
60°C.
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Characteristic Ever- Never- P value

smokers smokers
(n=22) (n=31)
Age, mean 5D 6677 (£6597) 6264 (£9.138) ns
Overall survival, 6286/(+27.692) 6777 (+18.599) ns
meanSD
Sex, male 19 9 p<0.001

Stage, n (%)

1 14 (64%) 18 (58%) ns
I 4(18%) 6(19%) s
i 4(18%) 7(23%) s

v 0 0
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