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Introduction

Sepsis is a common but serious disease in intensive care units, which may induce multiple organ dysfunctions such as liver injury. Previous studies have demonstrated that gamma delta (γδ) T cells play a protective role in sepsis. However, the function and mechanism of γδ T cells in sepsis-induced liver injury have not been fully elucidated. IL-17A-producing γδ T cells are a newly identified cell subtype.





Methods

We utilized IL-17A-deficient mice to investigate the role of IL-17A-producing γδ T cells in sepsis using the cecum ligation and puncture (CLP) model.





Results

Our findings suggested that these cells were the major source of IL-17A and protected against sepsis-induced liver injury. Flow cytometry analysis revealed that these γδ T cells expressed Vγ4 TCR and migrated into liver from peripheral post CLP, in a CCR6-dependent manner. When CLP mice were treated with anti-CCR6 antibody to block CCR6-CCL20 axis, the recruitment of Vγ4+ γδ T cells was abolished, indicating a CCR6-dependent manner of migration. Interestingly, pseudo germ-free CLP mice treated with antibiotics showed that hepatic IL-17A+ γδ T cells were regulated by gut commensal microbes. E. coli alone were able to restore the protective effect in pseudo germ-free mice by rescuing hepatic IL-17A+ γδ T cell population.





Conclusion

Our research has shown that Vγ4+ IL-17A+ γδ T cells infiltrating into the liver play a crucial role in protecting against sepsis-induced liver injury. This protection was contingent upon the recruitment of CCR6 and regulated by gut commensal microbes.
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Introduction

Sepsis is an uncontrolled inflammation caused by infection with organ dysfunction (Cheng et al., 2017). More than 1.5 million patients with sepsis are annually admitted to the intensive care unit (ICU) in the US, leading to 30% mortality annually (Seymour et al., 2016). Although a lot of progress in the pathology of the disease has been made, the role of sepsis in multiple organ failure remains elusive. The liver plays a crucial role in the pathology of sepsis (Strnad et al., 2017), and sepsis-related liver injury is associated with high mortality (Baggio Savio et al., 2017). Therefore, it is necessary to explore the pathogenesis of sepsis-induced liver injury and to develop effective therapies for this disease.

Gamma delta (γδ) T cells are enriched in the liver, with a frequency of 3%–5% of the total liver lymphocytes (Racanelli and Rehermann, 2006). These cells bridge the innate and adaptive immune responses and secrete pro-inflammatory cytokines, including interleukin 17A (IL-17A) and interferon gamma (IFN-γ), upon stimulation (Bonneville et al., 2010). IL-17A-producing γδ T cells can be considered as a separate cell type, and they play a crucial role in host defense against infections such as bacteria, fungi, and viruses (Hayday, 2009). Moreover, IL-17A+ γδ T cells have been identified as playing a protective role in polymicrobial sepsis (Ogiku et al., 2012), particularly in organ failure of the lung (de Souza Costa et al., 2015). Although it has been reported that γδ T cells are involved in sepsis-related liver injury, their physiological characteristics are largely unclarified.

The thymus is the primary organ for γδ T-cell maturation and differentiation. Unlike conventional alpha beta (αβ) T cells, the majority of γδ T cells acquire their effector function in the thymus. These cells predominantly reside in the mucosal and epithelial barriers and produce cytokines rapidly, although a small fraction still circulate in the periphery (Chien et al., 2014; Nielsen et al., 2017; Ma et al., 2019). According to their function potential and localization, γδ T cells can be further divided into effector subsets with bias on the use of T-cell receptor (TCR) gene segments. However, the role of the different γδ T-cell subtypes in sepsis has not been clarified. The origin of these γδ T cells is also unclear.

CCR6 is an important receptor in mucosal immunity, with CCL20 as the chemokine ligand (Cook et al., 2000). Among the CD4 T cells, CCR6 is specifically expressed on T helper 17 (Th17) cells and regulatory T cells (Tregs). It can mediate distinct immune diseases through the chemotaxis of T cells. Recently, researchers have identified that CCR6 is also expressed in γδ T cells, functionally associated with subsets of IL-17A production (Oo et al., 2012). However, the function of CCR6 expressed in γδ T cells in liver disease is largely unclear.

In the past decade, the gut microbiota was considered as a major modulator of the injury responses in organs remote from the gastrointestinal tract, including the liver (Llorente and Schnabl, 2015; Schuijt et al., 2016; Hu et al., 2017; Li et al., 2018; Tripathi et al., 2018). It has also been reported that dysbiosis could increase the risk of sepsis (Liu et al., 2019) and death (Salio et al., 2014). Germ-free (GF) mice with cecum ligation and puncture (CLP) showed higher pathogen load and mortality (Luoma et al., 2014). The gut microbiota has been shown to be involved in sepsis progression (Gong et al., 2019) and reported to regulate the host immune responses in disease pathogenesis (Chassaing et al., 2014). Thus, the gut microbiota could be an important mediator of sepsis-related organ failure, which still needs to be further elucidated.

In this study, Vγ4+ γδ T cells were revealed to play a protective role in sepsis-induced liver injury through the production of IL-17A. The CCR6–CCL20 axis was investigated in sepsis-induced liver injury, which demonstrated a CCR6-dependent manner of recruitment of γδ T cells into the liver. The gut microbiota was also revealed to be positively correlated with sepsis-induced liver injury.





Materials and method




Mice

C57BL/6 mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). IL-17A knockout (KO), TCRαβ−/−, TCRγδ−/−, CD45.1, and Rag1 mice were obtained from the Model Animal Research Center (Nanjing University, Nanjing, China). All mice were housed in a specific pathogen-free facility at the National Center for Protein Science Shanghai. All the mice in this study were males, 8–12 weeks old.





Ethical statement

All animal protocols were approved by the Ethics Committee for Animal Care and Use at Shanghai Pudong New Area People’s Hospital.





Antibody treatment

The anti-mouse Vγ4 antibody (eBioscience, San Diego, CA, USA) was intraperitoneally (i.p.) administered at 500 μg, 3 days before CLP (de Souza Costa et al., 2015). Blockade of the CCR6+ population was conducted through i.p. administration of an anti-mouse CCR6 antibody (BioLegend, San Diego, CA, USA) at 500 μg, 3 days before CLP (Hammerich et al., 2014), which could block the function of the CCR6–CCL20 axis by binding CCR6 on the cell surface. Control animals received an i.p. injection of isotype immunoglobulin G (IgG; 500 μg, 3 days before CLP) (BioLegend).





Sepsis by CLP

Sepsis was induced by CLP (Rittirsch et al., 2009). Briefly, C57BL/6 mice were anesthetized with Avertin (300 mg/kg, i.p) and a 1-cm midline incision made on the anterior abdomen. The cecum was exposed and ligated below the ileocecal junction without causing bowel obstruction. Puncture was performed with an 18-gauge needle five times to induce sepsis. The cecum was squeezed to allow the contents to pass through the punctures. The cecum was then placed back into the abdominal cavity and the peritoneal wall and skin incision closed. All animals were resuscitated with 1 m of serial saline subcutaneously.





Survival analysis

After surgery, the mice were monitored for survival status every 24 h for 7 days. The overall survival analysis was performed using the Mantel–Cox test with Prism v.5 software.





Bacterial load assessment

Serum samples were serially diluted with sterile phosphate-buffered saline (PBS) and cultured on agar plates. After incubation at 37°C overnight, the colony was counted. According to the dilution of the samples, the limit detection for the colony-forming unit (CFU) assay was 1 × 104 CFU/ml.





Cell preparation

The mice were euthanized and the thymus, spleen, and liver removed for cell collection. For the thymus, the tissue was ground and passed through a 70-μm mesh to obtain single-cell suspension. The spleen was first ground and passed through a 70-μm mesh, and then red blood cells (RBCs) were lysed and a single-cell suspension in PBS obtained. Similarly, the liver was ground and passed through a 70-μm mesh. The cell suspension was resuspended in 40% Percoll (GE Healthcare, Chicago, IL, USA) and centrifuged for 20 min at 2,800 rpm with breaking at 1. Cells were then collected from precipitates and washed in PBS twice.





γδ T-cell isolation

Splenic or thymic single-cell suspensions were processed through immune magnetic negative selection to deplete αβ T cells, B220+ cells, NK1.1+ cells, and MHCII+ cells, then positively selected using phycoerythrin (PE)-conjugated anti-TCRγδ (BioLegend) and anti-PE microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany).





Flow cytometry analysis

The cell suspensions were blocked with anti-mouse CD16/32 (BioLegend) at 1:200 dilution and stained with surface markers including anti-mouse CD3, TCRβ, TCRγδ, TCRVγ4, TCRVγ6, and CCR6 for 30 min at 4°C.

For cytokine staining, the cell suspensions were stimulated with phorbol 12-myristate 13-acetate (PMA; 50 ng/ml), ionomycin (500 ng/ml) (both from Sigma, St. Louis, MO, USA), and GolgiPlug (BD Biosciences, Franklin Lakes, NJ, USA) for 4 h at 37°C in an incubator. After surface marker staining, the cells were fixed and permeabilized (BD Biosciences) and stained for cytokine IL-17A or IFN-γ at 4°C for 30 min. The samples were analyzed with Fortessa X-20 (BD Biosciences).





Adenoviral knockdown

To knock down the expression of CCR6, a specific RNAi vector of CCR6 was designed using RNAi Designer, with the sequence CCGATAACATCAATGTCCAAGTGAA. Subsequently, 293T cells were transfected with this vector to produce adenovirus. The BLOCK-iT vector was used as a control. The γδ T cells were isolated and stimulated with anti-CD3 and anti-CD28 for 24 h. Adenoviral supernatants were then added into the cell culture, and the efficiency of RNAi was evaluated using flow cytometry before adoptive transfer.





Adoptive transfer

Recipient mice (6–8 weeks old) were sublethally irradiated with 5 Gy a day prior to adoptive transfer and were maintained with antibiotics containing water for 2 weeks. On the second day, 0.1 million γδ T cells from the thymus or the liver were adoptively transferred into recipients by i.p. injection.





Real-time PCR

RNA was isolated from the liver using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized using reverse transcriptase (Promega, Madison, WI, USA). A real-time PCR kit (Takara, San Jose, CA, USA) was used according to the manufacturer’s instructions. The reaction was performed on an ABI 7500 Real-Time PCR system. The primer sequences used in this work are listed in Table 1.


Table 1 | qPCR primers used in this study.







Serum alanine transaminase measurement

The serum alanine transaminase (ALT) levels were measured using ALT assay kits (Nanjing Jiancheng Bioengineering Institute) according to the manufacturer’s instructions. According to the sample dilution, the limit of detection for ALT measurement was 1 U/L.





Enzyme-linked immunosorbent assay

The IL-17A levels in the serum and liver were determined using IL-17A enzyme-linked immunosorbent assay (ELISA) kits (ThermoFisher, Waltham, MA, USA) according to the manufacturer’s instructions. According to the sample dilution, the limit of detection of the sample was 1.6 pg/ml.





Depletion of microbiota with broad-spectrum antibiotics

To deplete the gut microbiota and generate pseudo-GF mice, a broad-spectrum antibiotic cocktail (100 mg/kg vancomycin, 200 mg/kg neomycin sulfate, 200 mg/kg metronidazole, and 200 mg/kg ampicillin) was intragastrically administered once a day for 5 days to 8- to 12-week-old mice.





Fecal microbiota transplantation assay

Fecal microbiota transplantation (FMT) was performed according to a modified method previously described (DeFronzo et al., 2016; Buford, 2017). Briefly, recipient mice were administered the suspension via oral gavage once a day for 3 days with 200 μl fecal dilution in PBS. To prepare this dilution, fecal samples were collected from donors. Stool pellets were pooled and vortexed for 5 min in 0.125 g/L PBS for homogenization. Thereafter, the samples were gently centrifuged for 5 min at 350 × g and the supernatant collected. Subsequently, 200 μl of this suspension was administered by oral gavage to recipient mice.





Statistical analysis

Statistical analysis was performed with GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA). Data were presented as the mean ± SEM. Differences between two groups were assessed using Student’s t-test, whereas those among more than two groups were determined using ANOVA. A p-value <0.05 was considered significant (*p < 0.05, **p < 0.01, ***p < 0.001).






Results




IL-17A protected against sepsis-induced liver injury in cecum ligation and puncture mice

To assess the effects of IL-17A on sepsis-induced liver injury, IL-17A-deficient mice were subjected to sepsis using CLP. As shown in Figure 1A, all animals in the IL-17A-deficient group died within 72 h post-CLP. In contrast, 30% of the wild-type (WT) mice survived 7 days post-CLP (Figure 1A). The serum level of ALT was increased in the WT group 12 h post-CLP, whereas it was even higher in the IL-17A KO group (Figure 1B). In addition, the bacterial load in the blood of IL-17A-deficient mice was significantly higher than that of control animals (Figure 1C). As expected, the serum levels of IL-17A were below the detection levels in the deficient group (Figure 1D). Moreover, the serum IL-6 level was much higher in the IL-17A KO group than that in the WT group (Figure 1E). However, in the spleen, the results revealed little differences in the IFN-γ+ CD4 T cells between the control and IL-17A-deficient mice (Figures 1F, G). Together, these marked differences between the control and KO groups indicate a protective role of IL-17A in liver injury in CLP-induced sepsis.




Figure 1 | Characteristics of interleukin 17A (IL-17A) knockout (KO) mice after cecum ligation and puncture (CLP). Wild-type (WT) and IL-17A KO mice were subjected to CLP. (A) Survival curves of WT and IL-17A KO mice subjected to CLP. (B) Serum alanine transaminase (ALT) levels between WT and IL-17A KO mice determined as described post-CLP. (C) Bacterial colony-forming units (CFUs) in the blood between WT and IL-17A KO mice subjected to CLP measured using agarose plates. (D, E) Serum levels of IL-17A and IL-6 between WT and IL-17A KO mice subjected to CLP determined using ELISA. (F) Representative fluorescence-activated cell sorting (FACS) plots of splenic T helper 1 (Th1) cells between WT and IL-17A KO mice subjected to CLP. (G) Statistics of Th1 cells in CD4 T cells. Data are from one intact experiment and representative of three independent experiments (five mice per group). Error bars denote the mean ± SEM. Survival analysis was performed using Mantel–Cox, while the rest was performed using Student’s t-test. n.s., not significant. *p < 0.05, **p < 0.01, ***p < 0.001.







γδ T cells were the major source of IL-17A in sepsis-induced liver injury

As multiple populations could secrete IL-17A, its major source was further examined in the liver post-CLP. Single-cell suspensions of the liver were prepared for flow cytometry analysis 12 h after the CLP procedure. More CD3+ T lymphocytes were detected in sepsis-induced livers compared to the control group (Figures 2A, B). To better determine the subtypes, the expression of αβ and γδ TCRs in these T lymphocytes was analyzed. It was found that, although there was little difference in the expression of αβ TCRs (Figures 2C, D), there were more γδ TCR+ T lymphocytes in CLP livers than in controls (Figures 2E, F). In addition, IL-17A was not detected among the αβ T cells in either the CLP or the control group (Figures 2G, H), while 30% of the γδ T cells were determined as IL-17A-producing cells in CLP mice (Figures 2I, J). Thus, more IL-17A+ γδ TCR cells were detected in the CLP group.




Figure 2 | IL-17A+ gamma delta (γδ) T cells were enriched in the liver after cecum ligation and puncture (CLP). C57BL/6 mice were subjected to CLP and analyzed 12 h later. (A, C, E) Representative fluorescence-activated cell sorting (FACS) plots of CD3+ (A), TCRβ+ (C), and TCRγδ+ (E) cells in the liver between sham and CLP mice. (B, D, F) Statistics of CD3+ (B), TCRβ+ (D), and TCRγδ+ (F) cells in (Cheng et al., 2017). (G, I) Representative FACS plots of IL-17A+ cells among the CD4+ cells (G) and the γδ T cells (I) in the liver between sham and CLP mice. (H, J) Statistics of IL-17A+ (H) and IL-17A (J) cells in (Cheng et al., 2017). (K) Transcriptional levels of IL-17A in the liver between sham and CLP mice measured using quantitative PCR (qPCR). (L) Serum levels of IL-17A between sham and CLP mice measured using ELISA. (M) Representative FACS plots of IL-17A+ cells among the total live cells in the liver between sham and CLP mice. (N) Statistics of IL-17A+ cells in (Cheng et al., 2017). (O) Representative FACS plots of TCRβ+ and TCRδ+ cells among the IL-17A+ cells in the liver between sham and CLP mice. (P) Statistics of the TCRδ vs. TCRβ ratio in (Cheng et al., 2017). Data are from one intact experiment and representative of three independent experiments (five mice per group). Error bars denote the mean ± SEM. Statistical analysis was performed using Student’s t-test. n.s., not significant. ***p < 0.001.



Moreover, hepatic IL-17A levels were significantly higher in CLP livers than in controls, as determined using both quantitative PCR (qPCR) and ELISA (Figures 2K, L). The fluorescence-activated cell sorting (FACS) plots showed that IL-17A+ cells accounted for approximately 20% of the hepatic live cells from CLP mice (Figures 2M, N). To further address which subset produced more IL-17A in CLP livers, the expression of the αβ and γδ TCRs in these cells was examined. It was discovered that more than 40% of the IL-17A+ lymphocytes were TCRδ+, but only about 10% were TCRβ+ in CLP mice (Figures 2O, P), indicating that hepatic γδ T cells comprise the major subset for IL-17A secretion in sepsis-induced liver injury.





IL-17A-producing γδ T cells played a major protective role in sepsis-induced liver injury

To better clarify the function of γδ T cells expressing IL-17A in sepsis-induced liver injury, CLP was performed on αβ and γδ TCR KO mice, which were deficient in αβ and γδ T cells, respectively. The data showed that there was little difference in the serum ALT and IL-17A between the WT and αβ T-cell KO mice at 12 h post-CLP (Figures 3A, B). However, the knockout of γδ T cells led to a markedly elevated plasma ALT but a reduced IL-17A level, compared to WT littermates (Figures 3C, D). On the other hand, adoptive transfer of γδ T cells, but not αβ T cells, could rescue the levels of IL-17A in both serum and liver (Figures 3E, F) and suppress plasma ALT (Figure 3G). Similar results were observed in Rag1 mice with exogenous IL-17A (Figure 3H). The administration of IL-17A in γδ T-cell KO mice could alter the plasma ALT level, but not in αβ T-cell KO mice (Figure 3I). However, Rag1 mice that had adoptive transfer of IL-17AΔ γδ T cells showed elevated levels of ALT to vehicle γδ T cells, suggesting that the protective role of γδ T cells in liver injury was IL-17A-dependent (Figure 3J). Thus, these data together suggest a major protective role of γδ T cells expressing IL-17A in sepsis-induced liver injury in CLP mice.




Figure 3 | Function of IL-17A+ gamma delta (γδ) T cells in cecum ligation and puncture (CLP)-induced liver injury. Wild-type (WT) and alpha beta (αβ) T-cell knockout (KO) mice were subjected to CLP. (A, B) Serum levels of alanine transaminase (ALT) measured as described (A) and of interleukin 17A (IL-17A) determined using ELISA (B). WT and γδ T-cell KO mice were subjected to CLP. (C, D) Serum levels of ALT measured as described (C) and of IL-17A determined using ELISA (D). Rag1 mice were adoptive transferred with αβ or γδ T cells isolated from WT mice and subjected to CLP. (E, F) The levels of IL-17A in the plasma (Cheng et al., 2017) and liver (Cheng et al., 2017) were determined using ELISA. (G) Serum levels of ALT were measured after adoptive transferring. (H) Rag1 mice treated with control immunoglobulin G (IgG) or murine IL-17A through intraperitoneal injection and subjected to CLP. (I) αβ and γδ T-cell KO mice treated with murine IL-17A through intraperitoneal injection of isotype IgG as control and subjected to CLP. (J) Rag1 mice adoptive transferred with BL-vehicle- or BL-IL-17AΔ-transfected γδ T cells and then subjected to CLP. The serum levels of ALT were measured as described. Data are from one intact experiment and representative of three independent experiments (five mice per group). Error bars denote the mean ± SEM. Statistical analysis was performed using Student’s t-test. n.s., not significant. *p < 0.05, **p < 0.01, ***p < 0.001.







Vγ4+ but not Vγ6+ γδ T cells were the major protectors in sepsis-induced liver injury

IL-17A-producing γδ T cells are mainly composed of two subsets: Vγ4 and Vγ6. These two subtypes of γδ T cells have been reported in many disease models and have presented distinguished functions (Ribot et al., 2009; Wu et al., 2014). Thus, the subsets of IL-17A-producing hepatic γδ T cells in mice subjected to CLP were further investigated. The FACS data showed that more IL-17A+ γδ T cells expressed the Vγ4 chain (Figures 4A, B) compared to the Vγ6 chain (Figures 4C, D). Adoptive transfer of Vγ4+ γδ T cells into Rag1 mice could suppress the plasma ALT and elevate the hepatic IL-17A levels post-CLP compared to control animals (Figures 4E, F). Subsequently, Vg4+ γδ T cells were abolished in C57BL/6 mice using an anti-Vγ4 depletion antibody and the mice subjected to CLP. After 12 h, these mice presented altered liver IL-17A levels and severe liver injury (Figures 4G, H). Coordinately, Rag1 mice transferred with IL-17AΔ Vγ4+ γδ T cells had decreased levels of hepatic IL-17A and increased plasma ALT compared to vehicle Vγ4+ γδ T cells (Figures 4I, J). Therefore, these results determined a critical role of Vγ4+ γδ T cells in protecting against sepsis-induced liver injury through the secretion of IL-17A.




Figure 4 | Function of Vγ4+ cells in cecum ligation and puncture (CLP)-induced liver injury. (A, C) Representative fluorescence-activated cell sorting (FACS) plots of Vγ4+ (A) and Vγ6+ (C) cells among the IL-17A+ cells between sham and CLP mice. (B, D) Statistics of Vγ4+ (B) and Vγ6+ (D) cells in (Cheng et al., 2017). Rag1 mice were adoptive transferred with Vγ4+ cells and then subjected to CLP. (E) Serum levels of alanine transaminase (ALT) measured as described. (F) Hepatic levels of interleukin 17A (IL-17A) determined using ELISA. C57BL/6 mice were treated with control immunoglobulin G (IgG) or the anti-Vγ4 antibody through intraperitoneal injection and then subjected to CLP. (G) Serum levels of ALT measured as described. (H) Hepatic levels of IL-17A determined using ELISA. Rag1 mice were adoptive transferred with BL-vehicle- or BL-IL-17AΔ-transfected Vg4+ cells and then subjected to CLP. (I) Serum levels of ALT measured as described. (J) Hepatic levels of IL-17A determined using ELISA. Data are from one intact experiment and representative of three independent experiments (five mice per group). Error bars denote the mean ± SEM. Statistical analysis was performed using Student’s t-test. n.s., not significant. *p < 0.05, **p < 0.01, ***p < 0.001.







Protective γδ T cells migrated into the liver after cecum ligation and puncture

As the development of γδ T cells originates from both the thymus and the liver, the origin of protective IL-17+ γδ T cells was subsequently explored in sepsis-induced liver injury. The γδ T cells from the liver and thymus were isolated and were intravenously injected into sublethally irradiated γδ T-cell KO recipients to determine their origin in the liver of septic mice (Figure 5A). The plasma ALT level was measured 12 h post-CLP and was found to significantly decrease in thymic γδ T-cell transfer recipients (Figure 5B). In addition, the hepatic and serum levels of IL-17A were both higher in thymic γδ T-cell transfer recipients compared to liver γδ T-cell transfer recipients (Figures 5C, D). FACS analysis showed that the proportion of hepatic IL-17A+ γδ T cells was much higher in mice that received thymic γδ T cells compared to those that received liver γδ T cells (Figures 5E, F). In contrast, the levels of splenic IL-17A+ γδ T cells in mice transferred with thymic γδ T cells and liver γδ T cells were comparable (Figures 5G, H). These results suggest that the thymic γδ T cells, but not the liver γδ T cells, played the protective role, and these cells migrated into the liver to protect against sepsis-induced liver injury.




Figure 5 | Gamma delta (γδ) T cells migrated into the liver after cecum ligation and puncture (CLP). (A) Schematic showing the experiment design. Gamma delta (γδ) T cells (1 × 105) sorted from the liver or thymus of CD45.1 mice were intravenously transferred to 5 Gy-irradiated γδ T-cell knockout (KO) mice. Recipients were subjected to CLP 3 weeks later. (B) Serum levels of alanine transaminase (ALT) measured as described. (C, D) The plasma and hepatic levels of interleukin 17A (IL-17A) were determined using ELISA. (E, G) Representative fluorescence-activated cell sorting (FACS) plots of IL-17A+ cells among the TCRδ+ cells in the liver (E) and the spleen (G). (F, H) Statistics of IL-17A+ cells in (Cheng et al., 2017). Data are from one intact experiment and representative of three independent experiments (five mice per group). Error bars denote the mean ± SEM. Statistical analysis was performed using Student’s t-test. **p < 0.01, ***p < 0.001.







Infiltration of IL-17A+ γδ T cells into the liver was CCR6-dependent

As IL-17A+ γδ T cells were recruited into the liver post-CLP, the manner of infiltration during liver injury was investigated next. The accumulation of γδ T cells in the liver in CCL4-induced hepatitis has been reported to be CCR6-dependent (Hammerich et al., 2014). We therefore examined whether this approach is also functional in sepsis-induced liver injury. Mice that had the CLP procedure showed significantly higher hepatic gene expression level of Ccl20 compared to the controls (Figure 6A). To elucidate the functional relevance of CCR6 in sepsis-induced liver injury, CLP mice were treated with an anti-CCR6 blocking antibody, which could suppress the CCL20–CCR6 axis pathway. Compared to mice injected the rabbit IgG, those given the anti-CCR6 antibody showed elevated plasma ALT and decreased hepatic IL-17A levels (Figures 6B, C). Moreover, there was a significant decrease in the fraction of IL-17A+ γδ T cells among hepatic lymphocytes (Figures 6D, E). The expression of CCR6 was knocked out using the RNAi system, and then CD45.1+CCR6Δ and CD45.2+CCR6WT γδ T cells were mixed in a 1:1 ratio and injected intravenously into sublethally irradiated γδ T-cell KO mice (Figure 6F). At 12 h post-CLP, an overwhelming number of CD45.2 (i.e., CCR6WT) γδ T cells was found, but only a few CD45.1+ (i.e., CCR6Δ) γδ T cells in the liver (Figures 6G, H). Consistently, although only a few cells were detected in the spleen, the frequency of CD45.2+ γδ T cells was much higher than that of CD45.1+ γδ T cells (Figures 6G, H). These data together indicate that γδ T cells migrate into the liver during sepsis through a CCR6-dependent manner.




Figure 6 | Function of CCR6 in gamma delta (γδ) T-cell migration into the liver. (A) Transcriptional levels of Ccl20 in the liver between sham and cecum ligation and puncture (CLP) mice as determined by quantitative PCR (qPCR). C57BL/6 mice were treated with the control immunoglobulin G (IgG) or the anti-CCR6 antibody through intraperitoneal injection and then subjected to CLP. (B) Serum levels of alanine transaminase (ALT) measured as described. (C) Hepatic levels of interleukin 17A (IL-17A) determined using ELISA. (D) Representative fluorescence-activated cell sorting (FACS) plots of IL-17A+ cells among the TCRδ+ cells in the liver. (E) Statistics of IL-17A+ cells in (Cheng et al., 2017). (F) Schematic showing the experiment design. CD45.1+ γδ T cells were transfected with BL-CCR6Δ, while CD45.2+ γδ T cells were transfected with BL-vehicle; subsequently, these two populations were mixed at a ratio of 1:1 and adoptive transferred into 5 Gy-irradiated γδ T-cell knockout (KO) mice as recipients, which were subjected to CLP 3 weeks later. (G) Representative FACS plots of CD45.1+ and CD45.2+ cells from the spleen and liver of recipients. (H) Statistics of CD45.1+ and CD45.2+ cells in (Cheng et al., 2017). Data are from one intact experiment and representative of three independent experiments (five mice per group). Error bars denote the mean ± SEM. Statistical analysis was performed using Student’s t-test. n.s., not significant. **p < 0.01, ***p < 0.001.







Hepatic IL-17A+ γδ T cells were regulated by the microbiota in sepsis-induced liver injury

The gut microbiota has been considered as an important mediator of liver disease; thus, their function in hepatic IL-17A+ during sepsis was further investigated. Firstly, sepsis-induced liver injury in the absence of microbiota was analyzed. The absence of the microbiota led to increased plasma ALT and decreased hepatic IL-17A levels (Figures 7A, B). In addition, the frequency of IL-17A+ γδ T cells was much lower in pseudo-GF mice (Figures 7C, D).




Figure 7 | Effect of commensal microbes on cecum ligation and puncture (CLP)-induced liver injury. C57BL/6 mice were fed antibiotics for 5 days to deplete the gut microbiota, received fecal suspension for 3 days, and then subjected to CLP. (A) Serum levels of alanine transaminase (ALT) measured as described. (B) Hepatic levels of interleukin 17A (IL-17A) determined using ELISA. (C) Representative fluorescence-activated cell sorting (FACS) plots of IL-17A+ cells among TCRδ+ cells. (D) Statistics of IL-17A+ cells in (Cheng et al., 2017). (E) Pearson’s correlation curves between the serum ALT levels and bacterial DNA load. (F) C57BL/6 mice were fed water containing the following antibiotics: ampicillin (A), vancomycin (V), neomycin (N), and metronidazole (M). Pseudo-germ-free mice received fecal suspension for 3 days and then subjected to CLP. The serum levels of ALT were measured as described. Pseudo-germ-free mice intragastrically received 108 Escherichia coli colony-forming units (CFUs) and then subjected to CLP. (G) Serum levels of ALT measured as described. (H) Hepatic levels of IL-17A determined using ELISA. (I) Representative FACS plots of IL-17A+ cells among TCRδ+ cells. (J) Statistics of IL-17A+ cells in (Cheng et al., 2017). Data are from one intact experiment and representative of three independent experiments (five mice per group). Error bars denote the mean ± SEM. Statistical analysis was performed using Pearson’s correlation or Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.



To further investigate the function of bacterial species in sepsis-induced liver injury, mice were treated using different combinations of antibiotics (ampicillin, vancomycin, neomycin, and metronidazole). Subsequently, these mice were subjected to CLP. However, there was almost no difference among the antibiotic combinations (Figure 7F). In contrast, the serum level of ALT was positively correlated with the global microbial DNA load (Figure 7E). These results suggest that the global bacterial load has more significance in liver injury during sepsis.

Similar to the transfer of feces, the transfer of Escherichia coli alone could suppress the plasma ALT (Figure 7G) and recover the level of hepatic IL-17A (Figure 7H). Furthermore, in single E. coli-transferred mice, the fraction of hepatic IL-17A+ γδ T cells was strongly elevated (Figures 7I, J). These results indicate that the global microbiota, regardless of species, is crucial in sepsis-induced liver injury.






Discussion

This study first clarified the role of IL-17A-producing γδ T cells in sepsis-induced liver injury, in which the Vγ4+ γδ T cell subtype played a protective role against liver injury during sepsis through the secretion of IL-17A. These cells originate in the thymus and migrate into the liver dependent on CCR6, and gut commensal microbes regulate this subset of γδ T cells.

Sepsis triggers systemic uncontrolled immune responses and could lead to organ dysfunction or even death. Over the last decade, research work on sepsis has demonstrated the protective role of γδ T cells (Flierl et al., 2008) and IL-17A (Ogiku et al., 2012), but the pathophysiology of sepsis-induced liver injury has not been clearly elucidated. Studies have shown that γδ T cells are the major source of IL-17A in sepsis (Kasten et al., 2010; Xu et al., 2010), indicating a potential correlation between IL-17A-producing γδ T cells and sepsis-induced liver injury. Consistent with previous findings, our data revealed that, aside from Th17 cells, IL-17A+ γδ T cells are a major source of IL-17A and that they play a crucial role in protecting against sepsis-induced liver injury.

Similar to αβ CD4+ T lymphocytes, subsets of γδ T cells may present distinct cytokine profiles, such as IFN-γ+ and IL-17A+ γδ T cells. Regarding IL-17A+ γδ T cells, it has been well established that IL-17A production is restricted to Vγ4+ and Vγ6+ γδ T cells among the total γδ T cells in mice (Bonneville et al., 2010; Rei et al., 2014). Consistent with these results, the data in this study revealed that Vγ4+ γδ T cells comprise the predominant subset among the IL-17A-producing cells in the liver of CLP mice. In line with these results, IL-17A+ γδ T cells comprise the major subset infiltrating into the liver with IL-17A production in different mouse models (Zhao et al., 2011; Hou et al., 2013). In addition, our data demonstrated that IL-17A predominated over IFN-γ from the γδ T cells in CLP mouse livers. Therefore, these data further supported that IL-17A+ Vγ4+ γδ T cells and not IFN-γ+ Vδ1+ γδ T cells predominated in CLP mouse liver injury.

The liver is the major target organ in sepsis. While this organ is metabolically active, it is immunologically quiescent. It has been shown that hepatocytes are capable of producing IL-7 to regulate the production of IL-17A in γδ T cells in situ during viral hepatitis infection (Hou et al., 2013). Hepatic γδ T cells originate from fetal γδ thymocytes and then migrate into the liver. Moreover, IL-17A+ γδ T cells could migrate into the liver from the periphery, similarly to other organs. It has been reported that IL-17+ γδ T cells in the skin (Gray et al., 2011; Naik et al., 2012), IL-17A+ γδ T cells residing in the lungs (Cheng et al., 2014), and IL-17A+ γδ T cells in colonic lamina propria (Lee et al., 2015) are all recruited from the periphery, but with different pathways to induce the production of IL-17A. In sepsis, protection was conferred by hepatic γδ T cells. Furthermore, our data revealed that the thymic and not the liver γδ T cells played the protective role in CLP, indicating that these cells were infiltrated from the periphery and are not resident cells, further clarifying the function of γδ T cells at different barrier sites with a tissue-specific approach.

The characteristics of liver injury include complex inflammatory responses between parenchymal and immune cells, no matter whether these immune cells are resident cells or were infiltrated. Recently, increased studies on chemokines and their receptors have revealed their functions in liver injury (Wasmuth et al., 2009; Karlmark et al., 2010). Our work demonstrated that the CCL20–CCR6 axis was functionally involved in sepsis-induced liver injury. Consistent with the findings in a mouse model, patients with cholestatic liver disease showed elevated CCR6 expression, which linked CCL20 to biliary epithelial cells (BECs) (Oo et al., 2012); however, these were considered as Th17-dominated. In this study, CCR6 was mainly expressed on hepatic γδ T cells with much higher levels than CD4 T cells in injured livers. Until now, little has been known about the function of CCR6+ γδ T cells in vivo, although these cells have also been detected in a colitis model (Mielke et al., 2013). Further functional studies of these subsets are needed.

Commensal microbes could drive the secretion of IL-17A in the gastrointestinal tract, which has been reported to maintain intestinal homeostasis (Ajuebor et al., 2008; Chen et al., 2013). The potential mechanism could be attributed to common components of the intestinal microbiota, such as lipid antigens, which could activate hepatic γδ T cells and induce IL-17A production. As indicated by our data, there was little difference between the antibiotic treatments, and E. coli alone could rescue the protection against sepsis in pseudo-GF mice. Reports have shown that IL-17A+ γδ T cells could protect against infection and promote inflammation in the liver (Chen et al., 2019). A study on hepatocellular carcinoma demonstrated that the absolute number of γδ T cells in the liver decreased in the absence of the gut microbiota, indicating a correlation between commensal microbiota and the number of hepatic γδ T cells (Schneider et al., 2022). These results were consistent with our findings regarding sepsis-induced liver injury. After the depletion of commensal microbes, the number of hepatic IL-17A+ γδ T cells decreased post-CLP (Figures 7C, D). It was also found that E. coli alone could restore hepatic IL-17A+ γδ T cells in CLP mice, which could be supported by the findings of Li et al. (2017). These findings all identified gut microbes as important regulators of hepatic IL-17A+ γδ T cells both in cancer and during infection.

In conclusion, this study clarified the function of Vγ4+ IL-17A-producing γδ T cells in sepsis-induced liver injury. These cells originate from the periphery and migrate into the liver in a CCR6-dependent manner, with the gut commensal microbes being the upstream regulators for this population.





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 Ethics Committee for Animal Care and Use at Shanghai Pudong New Area People’s Hospital.





Author contributions

JW and YS designed the study. JW, QZ, YH, ZT, and WS performed the experiments. JW, QZ, YH, ZT, WS, SC, LQ, WDS, and YS analyzed the data. JW and YS wrote the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by the Project of Clinical Outstanding Clinical Discipline Construction in Shanghai Pudong New Area (no. PWYgy2021-09), the National Natural Science Foundation of China (82172183), Major Special Projects of the Ministry of Science and Technology of China (2022YFC3103001-004), and the Scientific Research Project of Shanghai Municipal Health Commission (202240279).





Conflict of interest

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





References

 Ajuebor, M. N., Jin, Y., Gremillion, G. L., Strieter, R. M., Chen, Q., and Adegboyega, P. A. (2008). Gamma delta T cells initiate acute inflammation and injury in adenovirus-infected liver via cytokine-chemokine cross talk. J. Virol. 82 (19), 9564–9576. doi: 10.1128/JVI.00927-08

 Baggio Savio, L. E., Mello, P., Figliuolo, V. R., de Avelar Almeida, T. F., Santana, P. T., Oliveira, S. D. S., et al. (2017). CD39 limits P2X7 receptor inflammatory signaling and attenuates sepsis-induced liver injury. J. Hepatol. 67 (4), 716–726. doi: 10.1016/j.jhep.2017.05.021

 Bonneville, M., O'Brien, R. L., and Born, W. K. (2010). Gamma delta T cell effector functions: a blend of innate programming and acquired plasticity. Nat. Rev. Immunol. 10 (7), 467–478. doi: 10.1038/nri2781

 Buford, T. W. (2017). (Dis)Trust your gut: the gut microbiome in age-related inflammation, health, and disease. Microbiome 5 (1), 80. doi: 10.1186/s40168-017-0296-0

 Chassaing, B., Etienne-Mesmin, L., and Gewirtz, A. T. (2014). Microbiota-liver axis in hepatic disease. Hepatology 59 (1), 328–339. doi: 10.1002/hep.26494

 Chen, X., Jia, Z., Wu, X., Zhao, N., He, W., and Hao, J. (2019). New aspect of liver IL-17(+) gamma delta T cells. Mol. Immunol. 107, 41–43. doi: 10.1016/j.molimm.2018.12.030

 Chen, D., Luo, X., Xie, H., Gao, Z., Fang, H., and Huang, J. (2013). Characteristics of IL-17 induction by schistosoma japonicum infection in C57BL/6 mouse liver. Immunology 139 (4), 523–532. doi: 10.1111/imm.12105

 Cheng, Y., Hu, X., Liu, C., Chen, M., Wang, J., Wang, M., et al. (2017). Gelsolin inhibits the inflammatory process induced by LPS. Cell. Physiol. Biochem. 41 (1), 205–212. doi: 10.1159/000456043

 Cheng, M., Qian, L., Shen, G., Bian, G., Xu, T., Xu, W., et al. (2014). Microbiota modulate tumoral immune surveillance in lung through a gamma delta T17 immune cell-dependent mechanism. Cancer Res. 74 (15), 4030–4041. doi: 10.1158/0008-5472.CAN-13-2462

 Chien, Y.-H., Meyer, C., and Bonneville, M. (2014)“Gamma delta T cells: first line of defense and beyond,” in Annual review of immunology 32, 121–155.

 Cook, D. N., Prosser, D. M., Forster, R., Zhang, J., Kuklin, N. A., Abbondanzo, S. J., et al. (2000). CCR6 mediates dendritic cell localization, lymphocyte homeostasis, and immune responses in mucosal tissue. Immunity 12 (5), 495–503. doi: 10.1016/S1074-7613(00)80201-0

 DeFronzo, R., Fleming, G. A., Chen, K., and Bicsak, T. A. (2016). Metformin-associated lactic acidosis: current perspectives on causes and risk. Metabolism-Clinical Experimental 65 (9), 1432–1433. doi: 10.1016/j.metabol.2015.10.014

 de Souza Costa, M. F., Trigo de Negreiros, C. B., Bornstein, V. U., Valente, R. H., Mengel, J., Henriques, M., et al. (2015). Murine IL-17(+) V gamma 4 T lymphocytes accumulate in the lungs and play a protective role during severe sepsis. BMC Immunol. 16, 36. doi: 10.1186/s12865-015-0098-8

 Flierl, M. A., Rittirsch, D., Gao, H., Hoesel, L. M., Nadeau, B. A., Day, D. E., et al. (2008). Adverse functions of IL-17A in experimental sepsis. FASEB J. 22 (7), 2198–2205. doi: 10.1096/fj.07-105221

 Gong, S., Yan, Z., Liu, Z., Niu, M., Fang, H., Li, N., et al. (2019). Intestinal microbiota mediates the susceptibility to polymicrobial sepsis-induced liver injury by granisetron generation in mice. Hepatology 69 (4), 1751–1767. doi: 10.1002/hep.30361

 Gray, E. E., Suzuki, K., and Cyster, J. G. (2011). Cutting edge: identification of a motile IL-17-Producing gamma delta T cell population in the dermis. J. Immunol. 186 (11), 6091–6095. doi: 10.4049/jimmunol.1100427

 Hammerich, L., Bangen, J. M., Govaere, O., Zimmermann, H. W., Gassler, N., Huss, S., et al. (2014). Chemokine receptor CCR6-dependent accumulation of gamma delta T cells in injured liver restricts hepatic inflammation and fibrosis. Hepatology 59 (2), 630–642. doi: 10.1002/hep.26697

 Hayday, A. C. (2009). Gamma delta T cells and the lymphoid stress-surveillance response. Immunity 31 (2), 184–196. doi: 10.1016/j.immuni.2009.08.006

 Hou, L., Jie, Z., Desai, M., Liang, Y., Soong, L., Wang, T., et al. (2013). Early IL-17 production by intrahepatic T cells is important for adaptive immune responses in viral hepatitis. J. Immunol. 190 (2), 621–629. doi: 10.4049/jimmunol.1201970

 Hu, J., Luo, H., Wang, J., Tang, W., Lu, J., Wu, S., et al. (2017). Enteric dysbiosis-linked gut barrier disruption triggers early renal injury induced by chronic high salt feeding in mice. Exp. Mol. Med. 49 (8), e370. doi: 10.1038/emm.2017.122

 Karlmark, K. R., Zimmermann, H. W., Roderburg, C., Gassler, N., Wasmuth, H. E., Luedde, T., et al. (2010). The fractalkine receptor CX(3)CR1 protects against liver fibrosis by controlling differentiation and survival of infiltrating hepatic monocytes. Hepatology 52 (5), 1769–1782. doi: 10.1002/hep.23894

 Kasten, K. R., Prakash, P. S., Unsinger, J., Goetzman, H. S., England, L. G., Cave, C. M., et al. (2010). Interleukin-7 (IL-7) treatment accelerates neutrophil recruitment through gamma delta T-cell IL-17 production in a murine model of sepsis. Infection Immunity 78 (11), 4714–4722. doi: 10.1128/IAI.00456-10

 Lee, J. S., Tato, C. M., Joyce-Shaikh, B., Gulan, F., Cayatte, C., Chen, Y., et al. (2015). Interleukin-23-Independent IL-17 production regulates intestinal epithelial permeability. Immunity 43 (4), 727–738. doi: 10.1016/j.immuni.2015.09.003

 Li, F., Hao, X., Chen, Y., Bai, L., Gao, X., Lian, Z., et al. (2017). The microbiota maintain homeostasis of liver-resident gamma delta T-17 cells in a lipid antigen/CD1d-dependent manner. Nat. Commun. 7, 13839. doi: 10.1038/ncomms13839.

 Li, D., Ke, Y., Zhan, R., Liu, C., Zhao, M., Zeng, A., et al. (2018). Trimethylamine-n-oxide promotes brain aging and cognitive impairment in mice. Aging Cell 17 (4), e12768. doi: 10.1111/acel.12768

 Liu, Z., Li, N., Fang, H., Chen, X., Guo, Y., Gong, S., et al. (2019). Enteric dysbiosis is associated with sepsis in patients. FASEB J. 33 (11), 12299–12310. doi: 10.1096/fj.201900398RR

 Llorente, C., and Schnabl, B. (2015). The gut microbiota and liver disease. Cell. Mol. Gastroenterol. hepatol. 1 (3), 275–284. doi: 10.1016/j.jcmgh.2015.04.003

 Luoma, A. M., Castro, C. D., and Adams, E. J. (2014). Gamma delta T cell surveillance via CD1 molecules. Trends Immunol. 35 (12), 613–621. doi: 10.1016/j.it.2014.09.003

 Ma, H., Tao, W., and Zhu, S. (2019). T Lymphocytes in the intestinal mucosa: defense and tolerance. Cell. Mol. Immunol. 16 (3), 216–224. doi: 10.1038/s41423-019-0208-2

 Mielke, L. A., Jones, S. A., Raverdeau, M., Higgs, R., Stefanska, A., Groom, J. R., et al. (2013). Retinoic acid expression associates with enhanced IL-22 production by gamma delta T cells and innate lymphoid cells and attenuation of intestinal inflammation. J. Exp. Med. 210 (6), 1117–1124. doi: 10.1084/jem.20121588

 Naik, S., Bouladoux, N., Wilhelm, C., Molloy, M. J., Salcedo, R., Kastenmuller, W., et al. (2012). Compartmentalized control of skin immunity by resident commensals. Science 337 (6098), 1115–1119. doi: 10.1126/science.1225152

 Nielsen, M. M., Witherden, D. A., and Havran, W. L. (2017). Gamma delta T cells in homeostasis and host defence of epithelial barrier tissues. Nat. Rev. Immunol. 17 (12), 733–745. doi: 10.1038/nri.2017.101

 Ogiku, M., Kono, H., Hara, M., Tsuchiya, M., and Fujii, H. (2012). Interleukin-17A plays a pivotal role in polymicrobial sepsis according to studies using IL-17A knockout mice. J. Surg. Res. 174 (1), 142–149. doi: 10.1016/j.jss.2010.11.901

 Oo, Y. H., Banz, V., Kavanagh, D., Liaskou, E., Withers, D. R., Humphreys, E., et al. (2012). CXCR3-dependent recruitment and CCR6-mediated positioning of Th-17 cells in the inflamed liver. J. Hepatol. 57 (5), 1044–1051. doi: 10.1016/j.jhep.2012.07.008

 Racanelli, V., and Rehermann, B. (2006). The liver as an immunological organ. Hepatology 43 (2), S54–S62. doi: 10.1002/hep.21060

 Rei, M., Goncalves-Sousa, N., Lanca, T., Thompson, R. G., Mensurado, S., Balkwill, F. R., et al. (2014). Murine CD27((-)) V gamma 6((+)) gamma delta T cells producing IL-17A promote ovarian cancer growth via mobilization of protumor small peritoneal macrophages. Proc. Natl. Acad. Sci. U. S. A. 111 (34), E3562–E3E70. doi: 10.1073/pnas.1403424111

 Ribot, J. C., deBarros, A., Pang, D. J., Neves, J. F., Peperzak, V., Roberts, S. J., et al. (2009). CD27 is a thymic determinant of the balance between interferon-gamma-and interleukin 17-producing gamma delta T cell subsets. Nat. Immunol. 10 (4), 427–436. doi: 10.1038/ni.1717

 Rittirsch, D., Huber-Lang, M. S., Flierl, M. A., and Ward, P. A. (2009). Immunodesign of experimental sepsis by cecal ligation and puncture. Nat. Protoc. 4 (1), 31–36. doi: 10.1038/nprot.2008.214

 Salio, M., Silk, J. D., Jones, E. Y., and Cerundolo, V. (2014)“Biology of CD1-and MR1-restricted T cells,” in Annual review of immunology, vol 32, 32 323–366.

 Schneider, K. M., Mohs, A., Gui, W., Galvez, E. J. C., Candels, L. S., Hoenicke, L., et al. (2022). Imbalanced gut microbiota fuels hepatocellular carcinoma development by shaping the hepatic inflammatory microenvironment. Nat. Commun. 13 (1), 3964. doi: 10.1038/s41467-022-31312-5

 Schuijt, T. J., Lankelma, J. M., Scicluna, B. P., e Melo, F., Roelofs, J. J. T. H., de Boer, J. D., et al. (2016). The gut microbiota plays a protective role in the host defence against pneumococcal pneumonia. Gut 65 (4), 575–583. doi: 10.1136/gutjnl-2015-309728

 Seymour, C. W., Liu, V. X., Iwashyna, T. J., Brunkhorst, F. M., Rea, T. D., Scherag, A., et al. (2016). Assessment of clinical criteria for sepsis for the third international consensus definitions for sepsis and septic shock (Sepsis-3). Jama-Journal Am. Med. Assoc. 315 (8), 762–774. doi: 10.1001/jama.2016.0288

 Strnad, P., Tacke, F., Koch, A., and Trautwein, C. (2017). Liver - guardian, modifier and target of sepsis. Nat. Rev. Gastroenterol. Hepatol. 14 (1), 55–66. doi: 10.1038/nrgastro.2016.168

 Tripathi, A., Debelius, J., Brenner, D. A., Karin, M., Loomba, R., Schnabl, B., et al. (2018). The gut-liver axis and the intersection with the microbiome. Nat. Rev. Gastroenterol. Hepatol. 15 (7), 397–411. doi: 10.1038/s41575-018-0011-z

 Wasmuth, H. E., Lammert, F., Zaldivar, M. M., Weiskirchen, R., Hellerbrand, C., Scholten, D., et al. (2009). Antifibrotic effects of CXCL9 and its receptor CXCR3 in livers of mice and humans. Gastroenterology 137 (1), 309–319. doi: 10.1053/j.gastro.2009.03.053

 Wu, P., Wu, D., Ni, C., Ye, J., Chen, W., Hu, G., et al. (2014). Gamma delta T17 cells promote the accumulation and expansion of myeloid-derived suppressor cells in human colorectal cancer. Immunity 40 (5), 785–800. doi: 10.1016/j.immuni.2014.03.013

 Xu, R., Wang, R., Han, G., Wang, J., Chen, G., Wang, L., et al. (2010). Complement C5a regulates IL-17 by affecting the crosstalk between DC and gamma delta T cells in CLP-induced sepsis. Eur. J. Immunol. 40 (4), 1079–1088. doi: 10.1002/eji.200940015

 Zhao, N., Hao, J., Ni, Y., Luo, W., Liang, R., Cao, G., et al. (2011). V Gamma 4 gamma delta T cell-derived IL-17A negatively regulates NKT cell function in con a-induced fulminant hepatitis. J. Immunol. 187 (10), 5007–5014. doi: 10.4049/jimmunol.1101315




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.

Copyright © 2023 Wan, Zhang, Hao, Tao, Song, Chen, Qin, Song and Shan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-13-1149506-g001.jpg
CFU/ml

N —

10 - WT
-o- IL-17AKO
]
27
3
2
€ 5
[]
5
g 2
0 24 48 72 96 120 144 168
Time (h)
o
E
(=
e
<C
~
s
=
ok
L
1000 o
I 800 o°
% *
2 ==
b 600 0.
=
400
Gated on CD4*
WT IL-17A KO
107 3.34) ¢ 3.19
109 10*
10° 10°
107 10?
0+ 0

T T T T T T T
0 10 10° (LT 0 10? 108 1wt 108

o

B
2 [o]
2 %
g 200 o
= g2
<
c 100
2
73
(72}
D
150 ——
50
o
©
v
&
G -
9 n.s.
g —
[/}
3 ¢ o
(%]
:
<
5 =
o
T T
oy o0
=
[
=
o
[
&






OEBPS/Images/fcimb-13-1149506-g006.jpg
Relative gene expression(Ccl20) >

rC———™ O

Serum ALT level (U/L)

304

25

204

15

Gated on CD3*TCR&*

100: —
o
80
60 %
o°
40
20
o:
& Q
& &
Control IgG

anti-CCR6 Ab

] 40.13

22.79

3 weeks

3T cell ko
cD45.2
Gated on CD3*TCR&*
Spleen Liver
1e411.84 10943.22
1044 1084
1084 10°
102’ 107,
| 0
2 68.88 94.75
2 s s e h i s ey iy
O [T 10% 10° o 10? 10* 108

frequency of TCR3+ cells (%) m

I

frequency of TCR&+ cells (%)

IL-17A (pg/mL)

40

30

20

10

cp

3 3
QQ\QQ ‘sz
e CDA451

o0 CD452





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Infiltrated IL-17A-producing gamma delta T cells play a protective role in sepsis-induced liver injury and are regulated by CCR6 and gut commensal microbes

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and method

        

          		

            Mice

          



          		

            Ethical statement

          



          		

            Antibody treatment

          



          		

            Sepsis by CLP

          



          		

            Survival analysis

          



          		

            Bacterial load assessment

          



          		

            Cell preparation

          



          		

            γδ T-cell isolation

          



          		

            Flow cytometry analysis

          



          		

            Adenoviral knockdown

          



          		

            Adoptive transfer

          



          		

            Real-time PCR

          



          		

            Serum alanine transaminase measurement

          



          		

            Enzyme-linked immunosorbent assay

          



          		

            Depletion of microbiota with broad-spectrum antibiotics

          



          		

            Fecal microbiota transplantation assay

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            IL-17A protected against sepsis-induced liver injury in cecum ligation and puncture mice

          



          		

            γδ T cells were the major source of IL-17A in sepsis-induced liver injury

          



          		

            IL-17A-producing γδ T cells played a major protective role in sepsis-induced liver injury

          



          		

            Vγ4+ but not Vγ6+ γδ T cells were the major protectors in sepsis-induced liver injury

          



          		

            Protective γδ T cells migrated into the liver after cecum ligation and puncture

          



          		

            Infiltration of IL-17A+ γδ T cells into the liver was CCR6-dependent

          



          		

            Hepatic IL-17A+ γδ T cells were regulated by the microbiota in sepsis-induced liver injury

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-13-1149506-g004.jpg
m

Gated on IL-17A*

(=] (=3
© ©

20

=3
<

(%) S92 +v1-T140 Aousnbay A

~ F2
=
~
© 33
a.
=
=} S5
o .
£2 <
N
Eo =
=
VAREERanm + =
E F B B 5
g &8 & 8 2
a
2
) T
o 2 ©
o
]
N B
€
©
S 53
v =
Ee

25:
20

wn o wn o
- -

(%) sI1992 +y.1-11 Jo Asuanbayy

250K
200K
150K
100K

50K

:

Sham CLP
- ¢ 17.04
o T T T T T
0 10 10° 10% 10° 10% 10°
v —------ - - e e e e e

+— D

[e
i i
¥
Qoo
g g 2 8 ° R
~ o~ o~ E
o (UN) 19A3] 1TV wniag )
o o
§
o
L]

g 8 8 8 3

9 < [ty ° 'y @ N « - Y

" (quyBd) w211 (Vn) 19A9] 1Y wniag
° o
o/
* ¥
o
* ® old o
g€ 2 8 8 8
N « - -

[=] o o (=)
A 2] N -

(Un) 19n9] 11V wnuss

i T (quyBd) wzL-11





OEBPS/Images/fcimb-13-1149506-g002.jpg
-~

FSC

Gated on live cells

@

250k

200k

190k

100k

Sham cLp 2
250K ]
4551 44.99 3
|3
anmc o
2
s 5
>
1o e
@
ES
80K 50K -3
& g
PR .
I T e

frequency of CD3+ cells (%)

Sham

cLp

35.38

Gated on CD4' cells Hg
Sham P ry
2000 0.89] = 087 3
2000 2000 é
q ¥ O
sox so &
o
o0 oo E
o
o s 3
9 g
2 - o &
0 ? 10 10? 10° 0 ? 10 10t 10
IL-17A
£ 4 ik <
< —
= ] E ow
@ é =
; ¥ S so
; o 2
& 8
SR [
e 2 40
5 H
> | -
g & 20
g o
g &
£ 3
o
Gated onlive cells
Sham cp
16.85| ]
o
2
s
>
15
2
o
8
o
g
&
e b
.
son
—
45 >
{--8 35 o
8
£ 25
&
[~
15
Soyes
0.5
& .~

Gated on CD3* cells
Sham CLP
20 35.01]* 37.04
a0
sox
o
2. -
0 107 "w 0 10° 0107 10° 10* 10
TCRB -
£
2
3
8
g
&
a
o
k]
>
2
]
)
=3
£
1 Cated on TCRy8* cells
Sham cLp
200 531 e 2930
0 20004
e 1k
1o oo ]
o s g‘
N 7 1Ak
2 o -
Ve e i Ve w e
IL-17A -
155 .
—
z e
£ 100
=3 0%
]
=
T o0
=]
o
~

TCRyS

Sham

Gated on IL-17A"






OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb.2023.1149506_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiclogy

Infiltrated IL-17A-producing gamma delta T
cells play a protective role in sepsis-induced
liver injury and are regulated by CCR6 and
gut commensal microbes
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P-actin GATGGACTCCTCAGATGAGATG CAAACAGCGTCTGATATCCATG

Forward (5'-3') Reverse (

117a GCCTCTTTGGGTCAACTTAATG GAGGTTTTCTGTTGGACAAGTC

Ccl20 TTTCTGTGAGAGTGGTCTTACC AGTCTGAGAGATGACATTGCAA
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