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Brucella, a notorious intracellular pathogen, causes chronic infections in many mammals, including humans. The twin-arginine translocation (Tat) pathway transports folded proteins across the cytoplasmic membrane; protein substrates translocated by Brucella include ABC transporters, oxidoreductases, and cell envelope biosynthesis proteins. Previously, we showed that a Tat mutant of Brucella melitensis M28 exhibits reduced survival within murine macrophages. In this  study, we compared the host responses elicited by wild-type M28 and its Tat-mutant strains ex vivo. We utilized label-free quantitative proteomics to assess proteomic changes in RAW264.7 macrophages after infection with M28 and its Tat mutants. A total of 6085 macrophage proteins were identified with high confidence, and 79, 50, and 99 proteins were differentially produced upon infection with the Tat mutant at 4, 24, and 48 hpi, respectively, relative to the wild-type infection. Gene ontology and KEGG enrichment analysis indicated that immune response-related proteins were enriched among the upregulated proteins. Compared to the wild-type M28 infection, the most upregulated proteins upon Tat-mutant infection included the cytosolic nucleic acid signaling pathway-related proteins IFIH1, DHX58, IFI202, IFI204, and ISG15 and the NF-κB signaling pathway-related proteins PTGS2, CD40, and TRAF1, suggesting that the host increases the production of these proteins in response to Tat mutant infection. Upregulation of some proteins was further verified by a parallel reaction monitoring (PRM) assay. ELISA and qRT-PCR assays indicated that Tat mutant infection significantly induced proinflammatory cytokine (TNF-α and IL-6) and nitric oxide (NO) production. Finally, we showed that the Tat mutant displays higher sensitivity to nitrosative stress than the wild type and that treatment with the NO synthase inhibitor L-NMMA significantly increases the intracellular survival of the Tat mutant, indicating that NO production contributes to restricting Tat mutant survival within macrophages. Collectively, this work improves our understanding of host immune responses to Tat mutants and provides insights into the mechanisms underlying the attenuated virulence of Tat mutants.
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Introduction

Brucella are Gram-negative, facultative intracellular pathogens that can induce persistent infections in many mammals, such as livestock, wild animals, and humans. The disease caused by Brucella, brucellosis, manifests as reproductive disorders in animals, while in humans, this disease is characterized by a long incubation period that leads to a chronic, sometimes lifelong, debilitating infection with serious clinical manifestations, such as undulant fever, weakness and chronic inflammation of some organs, including the spleen and liver (Wang et al., 2011; Byndloss and Tsolis, 2016). Due to its high infectivity, Brucella has been classified as a potential agent of biological warfare, enhancing the growing interest in this pathogen’s biology, in particular as a model of complex intracellular parasitism (Robinson-Dunn, 2002).

A key aspect of Brucella pathogenesis is its interaction with macrophages (He et al., 2006; Byndloss and Tsolis, 2016). In many tissues, macrophages constitute the first line of defense of the innate immune response against invading microorganisms, including Brucella spp (Celli, 2006; Wang et al., 2017). Bactericidal responses of macrophages are activated by intracellular Brucella, including the fusion of phagosomes with lysosomes (Arenas et al., 2000) and the production of antimicrobial agents such as proinflammatory cytokines (TNF-α, IL-6, and IL-12), reactive oxygen intermediates (ROIs) and reactive nitrogen intermediates (RNIs) (Jiang and Baldwin, 1993; Jiang et al., 1993; Hop et al., 2017; Hop et al., 2019). In addition, in contrast to neutrophils and natural killer cells, macrophages were found to be the main cells involved in controlling brucellosis in a mouse model. In the early stage of mouse infection, macrophages allow the survival and replication of Brucella. With prolonged infection time, after the adaptive immune response is gradually established, macrophage antibacterial pathway components such as RNIs and ROIs are activated by IFN-γ and TNF-α, and activated macrophages then become the primary source of Brucella elimination from infected mice (Dornand et al., 2002; Dorneles et al., 2015).

The twin-arginine translocation (Tat) pathway exists in bacteria, archaea, and plants, and enables the transport of fully folded proteins across the cytoplasmic membrane. Tat substrates usually contain an N-terminal signal peptide with an S/TRRXFLK consensus motif (Palmer and Berks, 2012). Depending on the translocated substrates, the Tat pathway has been implicated in a number of cellular processes in bacteria, including cell motility (Ochsner et al., 2002), cell division (Stanley et al., 2001), biofilm formation (De Buck et al., 2005), iron and phosphate acquisition (Létoffé et al., 2009; Mickael et al., 2010), and resistance to heavy metals and antimicrobial peptides (Weatherspoon-Griffin et al., 2011). Our previous study showed that the Tat pathway is required for full B. melitensis M28 virulence in a macrophage cell model. Deletion of Tat leads to a higher sensitivity of bacteria to oxidative stress, and Tat mutants form defective cell envelopes, likely because cell wall/LPS biosynthesis-related substrates are not properly translocated (Yan et al., 2020). However, the effect of the Tat system on the macrophage immune response during Brucella-host interactions has not been extensively studied.

In this study, using label-free proteomics and parallel reaction monitoring, we sought to compare the dynamic proteomic responses of RAW264.7 macrophages to Tat mutants and the parental wild-type strain. We showed that compared to the response to wild-type infection, pattern recognition receptors and key inflammatory pathway-related proteins were significantly increased after Tat-mutant Brucella infection. Furthermore, Tat deficiency significantly induces proinflammatory cytokines and NO production. Finally, the contribution of NO production to Tat mutant Brucella survival in murine macrophages was explored.



Materials and Methods


Bacterial Strains and Culture Conditions

All strains and primers used in the study are listed in Table S1. B. melitensis M28 is a hypervirulent strain, and B. melitensis M28ΔtatA is an attenuated strain produced by homologous recombination. All studies involving live B. melitensis were performed under Harbin Veterinary Institute biosafety level 3 (BSL3) conditions. B. melitensis M28 and its derivatives were cultured on tryptic soy agar (TSA) or in tryptic soy broth (TSB) (Difco) at 37°C in a 5% CO2 atmosphere.



Cell Culture and Infection

RAW264.7 (ATCC) murine macrophage cells were cultured in Dulbecco’s minimal essential medium (DMEM) (Gibco, USA) supplemented with 10% fetal bovine serum (FBS) without antibiotics and was incubated at 37°C in a 5% CO2 atmosphere. Measurement of the CFU counts within macrophages infected with B. melitensis M28 and its derivatives were described previously (Yan et al., 2020). For quantitative mass proteomics analysis, RAW264.7 cells (3×106 cells per well) were seeded onto 6-well tissue culture plates and inoculated with bacterial culture diluted in DMEM (5% FBS) at an MOI (multiplicity of infection) of 100:1. After a 10-min centrifugation at 250×g, the plates were placed in a 5% CO2 atmosphere at 37°C for 3 h. Then, the cells were washed with DMEM three times and incubated in DMEM (5% FBS) containing 5 µg/mL gentamicin at 37°C and 5% CO2 for the indicated times. After 4 h, 24 h and 48 h, cells were collected, washed three times with ice-cold PBS and processed for label-free quantitative mass proteomic analysis.



Protein Extraction and Trypsin Digestion

The M28-infected, M28ΔtatA-infected and mock-infected cells were sonicated three times on ice using a high-intensity ultrasonic processor (Scientz) in lysis buffer (8 M urea, 1% protease inhibitor cocktail). Debris was removed by centrifugation at 12,000 × g at 4°C for 10 min. Finally, the supernatant was collected, and the protein concentration was determined with a BCA kit according to the manufacturer’s instructions.

For digestion, the protein solution (300 μg for each sample) was reduced with 5 mM dithiothreitol for 30 min at 56°C and alkylated with 11 mM iodoacetamide for 15 min at room temperature in darkness. The protein sample was then diluted by adding 100 mM TEAB (Sigma-Aldrich, Saint Louis, USA) to urea (< 2 M). Finally, trypsin was added at a 1:50 trypsin: protein mass ratio for the first digestion overnight and a 1:100 trypsin: protein mass ratio for a second 4-h digestion.



LC-MS/MS Analysis

The tryptic peptides were dissolved in solvent A (0.1% formic acid, 2% acetonitrile/in water) and directly loaded onto a homemade reversed-phase analytical column (25-cm length, 75-μm i.d.). Peptides were separated with a gradient from 6% to 24% solvent B (0.1% formic acid in acetonitrile) for 70 min, from 24% to 35% for 14 min and increasing to 80% in 3 min then holding at 80% for the final 3 min, all at a constant flow rate of 450 nL/min in a nanoElute UHPLC system (Bruker Daltonics).

The peptides were subjected to capillary electrophoresis followed by timsTOF Pro (Bruker Daltonics) mass spectrometry. The electrospray voltage applied was 1.60 kV. Precursors and fragments were analyzed with the TOF detector with an MS/MS scan range from 100 to 1700 m/z. The timsTOF Pro was operated in parallel accumulation serial fragmentation (PASEF) mode. Precursors with charge states from 0 to 5 were selected for fragmentation, and 10 PASEF-MS/MS scans were acquired per cycle. The dynamic exclusion was set to 30 s.



Database Search and Bioinformatics Analysis

All MS raw files from the same batch were processed with MaxQuant (v1.6.6.0) and searched against the SwissProt Mus musculus protein database (version 2019.11, 17,032 sequences) concatenated with the reverse decoy database. Trypsin/P was specified as a cleavage enzyme and up to 2 missed cleavages and 5 modifications per peptide were allowed. The mass tolerance for precursor ions was set as 40 ppm for the first search and 40 ppm for the main search, and the mass tolerance for fragment ions was set as 0.04 Da. Carbamidomethylation on Cys was specified as a fixed modification and oxidation on Met and acetylation on the protein N-terminus were specified as variable modifications. The minimal peptide length was set to 7 residues. The false discovery rates (FDRs) of the peptides and proteins were set as 1%.

InterProScan software was used to annotate the function of the proteins by Gene Ontology (GO, http://www.ebi.ac.uk/interpro/) according to the protein sequence alignment method. Then, the proteins were classified based on the three GO annotation categories: biological process, cellular component and molecular function. Furthermore, functional enrichment analysis was performed on the basis of the GO and Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kaas-bin/kaas_main) pathway analyses, and the corresponding functions and pathways with p < 0.05 (two-tailed Fisher’s exact test) were considered statistically significant.



Quantification of Differentially Expressed Proteins (DEPs) by PRM

For the M28ΔtatA/M28-infected group, 15 upregulated DEPs were selected for validation by PRM. Protein extraction and tryptic digestion were performed following the same protocol used for the label-free quantitative proteomics experiment.

The tryptic peptides were dissolved in solvent A (0.1% formic acid in 2% acetonitrile) and directly loaded onto a homemade reversed-phase analytical column (15-cm length, 75-μm i.d.). The gradient increased from 6% to 22% with solvent B (0.1% formic acid in 90% acetonitrile) for 16 min, 22% to 32% for 6 min and increasing to 80% in 4 min then holding at 80% for the final 4 min, all at a constant flow rate of 450 nL/min in an EASY-nLC 1200 UPLC system.

PRM mass spectrometric analysis was performed on a HF-X mass spectrometer (Thermo, USA) coupled online to a UPLC. The electrospray voltage was applied at 2.1 kV. The m/z scan ranged from 378 to 1025 for a full scan, and intact peptides were detected in the Orbitrap at a resolution of 120,000. Peptides were then selected for MS/MS using an NCE setting of 28, and the fragments were detected in the Orbitrap at a resolution of 15,000. AGC was set at 3E6 for full MS and 1E5 for MS/MS. The maximum IT was set at 50 ms for full MS and 160 ms for MS/MS. The isolation window for MS/MS was set at 1.4 m/z. The resulting MS data were processed using Skyline (v.3.6) (Zhang et al., 2020). After normalizing the quantitative information, relative quantitative analysis was performed on the target peptides.



RNA Extraction and Quantitative RT-PCR

Macrophage infection and RNA extraction were performed as previously described (Lei et al., 2015). Monolayers of RAW264.7 cells (~ 1.2×106 cells per well) were infected with M28, M28ΔtatA and M28ΔtatA pBBRtatA at a multiplicity of infection (MOI) of 100. After a 10-min centrifugation at 250 × g, the plates were placed in a 5% CO2 atmosphere at 37°C for 3 h. Then, the cells were washed three times with DMEM and incubated in DMEM (5% FBS) containing 5 µg/mL gentamicin at 37°C and 5% CO2 for the indicated times. At 4 h, 24 h and 48 h post-infection, the supernatants were discarded, and macrophage total RNA was extracted by TRIzol reagent according to the instructions (Invitrogen). RNA was isolated from uninfected RAW264.7 cells and used as a negative control. RNA samples were treated to remove genomic DNA and subjected to reverse transcription using a PrimeScript RT reagent kit with gDNA Eraser (TaKaRa, Clontech). cDNA was used as the template for SYBR green-based qPCRs with TB Green Premix Ex Taq II reagent (TaKaRa, Clontech) and an ABI Quant 5 thermocycler. Fold changes in transcript levels were calculated using the threshold cycle (2-ΔΔCt) method (Pfaffl, 2001), and the levels were normalized according to β-actin expression.



ELISA

The TNF-α and IL-6 secretion levels in each supernatant were determined by the ELISA kits (MultiSciences Biotech, China) according to the manufacturer’s instructions. These experiments were performed in triplicate with three biological repetitions.



NO Measurement

To measure the amount of NO produced by macrophages, the macrophages were treated as indicated. Then, the culture supernatants were harvested by centrifugation and kept at -80 °C until analysis. The NO content of the culture supernatants was estimated by an analysis of nitrite accumulation with the Griess reaction as previously described (Bansal et al., 2009).



Nitrosative Stress Susceptibility Assay

Resistance to nitrosative stress was assayed according to previously described protocols with some modifications (Kawaji et al., 2010; Dankai et al., 2016; Yan et al., 2020). A bacterial suspension from a single fresh colony was plated onto TSA plates and allowed to grow for 72 h. The cells were then harvested and resuspended in sterile phosphate-buffered saline (PBS) at an optical density at 600 nm (OD600) of ~ 0.02 (~ 1 × 108 CFU/ml) before performing a 10-fold serial dilution. Five microliters of each dilution was spotted onto plain TSA plates and TSA plates supplemented with 5 mM NaNO2 (Sigma-Aldrich, St. Louis, USA). The plates were incubated at 37°C in a 5% CO2 atmosphere for 3 days to allow bacterial growth, which was followed by counting the CFU of each dilution. The ratio of CFU on the TSA plain plates (CFUunstressed) to CFU on the NaNO2-supplemented TSA plates (CFUstressed) was calculated for each dilution of the bacteria.



Inhibition Assay

The NO synthases inhibitor L-NMMA (100 µM) was purchased from Selleck Chemicals (Houston, United States). Monolayers of RAW264.7 cells (~ 1.2×106 cells per well) were pretreated with 100 µM L-NMMA for 1 h at 37°C. Then, the cells were inoculated with M28 or M28ΔtatA diluted in DMEM (5% FBS) at an MOI of 100:1. After a 10-min centrifugation at 250 × g, the plates were placed in a 5% CO2 atmosphere at 37°C for 3 h. Then, the cells were washed three times with DMEM and incubated in DMEM (5% FBS) containing 5 µg/mL gentamicin at 37°C and 5% CO2 for the indicated times. At the time of gentamicin addition, 100 µM L-NMMA was also added, and that point was defined as time 0. At 1, 24 and 48 hours postinfection, the infected cells in each well were washed three times with PBS and lysed with 1 ml of 0.1% Triton X-100 in PBS. The intracellular CFU counts were determined by plating serial dilutions on TSA with the appropriate antibiotics.



Statistical Analysis

One-way ANOVA followed by Tukey’s test was used in cytokine production assays; for all other experiments, the Student’s t test was used to analyze differences between M28ΔtatA and the wild type (GraphPad, Prism). A P value of <0.05 was considered statistically significant.




Results


Differential Proteome Expression in RAW264.7 Cells After Wild-Type and Tat-Mutant Brucella Infection

We began this study by comparing the intra-macrophage survival of the Tat mutant to that of the wild type (WT) at 4, 24, and 48 h postinfection (hpi). The results showed that at the early stage of infection (4 h) in murine RAW264.7 cells, deletion of tatA resulted in a 1.5-fold reduction in the number of intracellular CFUs, which became more severe at 24 h and 48 h postinfection (1-log and 2-log differences, respectively). Complementation of the M28ΔtatA strain with a plasmid-borne tatA gene restored the levels of bacterial survival to those of the wild type (Figure 1A). Then, we wanted to determine how host macrophages responded to Tat-mutant infection and compared it to the host macrophage response to wild-type Brucella infection. An LC-MS/MS-based label-free quantitative proteomics approach was used to assess the proteomic responses of RAW264.7 macrophages to wild-type M28 and M28ΔtatA mutant infections 4, 24 and 48 hpi. Uninfected RAW 264.7 macrophages were included as a control. In total, 6085 proteins were detected by proteomics analysis (A full list of identified proteins is available in Supplementary Datasheet 2). Significantly differentially produced proteins between the strain samples were identified using the criteria of a |fold change|>1.5 and a p value < 0.05 for peptide quantification. At all 3 time points, compared to the protein expression level after wild-type infection, dozens of proteins were differentially produced in the macrophages infected with the M28ΔtatA mutant (46 upregulated and 33 downregulated 4 hpi; 32 upregulated and 18 downregulated 24 hpi; 70 upregulated and 29 downregulated 48 hpi), with the number of upregulated proteins being higher than the number of downregulated proteins (Figure 1B), a full list of DEPs is available in Supplementary Datasheet 3.




Figure 1 | Label-free proteomics of RAW264.7 macrophages infected with M28 and M28ΔtatA. (A) Intracellular CFU of M28 and its derivatives in murine RAW264.7 cells. Asterisks denote statistically significant differences between the M28ΔtatA mutant group and the parental strain M28 group based on the Student’s t test (*p < 0.05; ***p < 0.001). All tests were done 3 times. (B)  The number of DEPs in the different comparison groups. (C)  Venn diagrams displaying the overlap of DEPs at 4 hpi. (D)  Venn diagrams displaying the overlap of DEPs 24 hpi. (E)  Venn diagrams displaying the overlap of DEPs 48 hpi. (F) For the M28ΔtatA/M28 group, Venn diagrams displaying the overlap of DEPs at 4, 24 and 48 hpi.



A Venn diagram was created for each time point to show shared and unique differentially produced proteins among the 3 binary comparisons (Figures 1C–E). Additionally, shared and novel differentially produced proteins identified in the M28ΔtatA/M28 comparison at the 3 time points were analyzed with a Venn diagram, and the results demonstrated that five proteins, i.e., ISG15, SPP1, IFIT1, IFI202, and USP18, were uniformly upregulated in M28ΔtatA-infected macrophages at all 3 time points compared to those infected with the wild type (Figure 1F). Together, these results indicate that the proteomic responses of RAW264.7 macrophages to the M28ΔtatA mutant were different than their responses to wild-type strain infection throughout a 48-h course of infection.



Functional Characterization of Differentially Expressed Proteins

To further understand the differential responses of macrophages to wild-type and Tat mutant Brucella infection, we performed GO classification and KEGG enrichment analysis on the DEPs as well as cluster analysis to identify the correlations of protein functions associated with the DEPs. These results are presented as heat maps (a full presentation of the results of GO classification and KEGG enrichment analysis is shown in Figure S1).

GO annotation of the DEPs classified them into 3 categories: biological processes, molecular functions, and cellular components (Li et al., 2017). The host immune response represents one of the most important aspects during Brucella-macrophage interactions (He, 2012; Hop et al., 2018); thus, we focused on macrophage immune response-related proteins in this study. Remarkably, immune response-related proteins were mostly upregulated in M28ΔtatA-infected macrophages compared to those infected with the wild type. Specifically, these upregulated DEPs were mainly associated with the response to molecules of bacterial origin, the cellular response to cytokine stimulus and positive regulation of the immune response in the biological process category (Figure 2A); antigen binding, double-stranded RNA binding and cytokine binding in the molecular function category (Figure 2B); and plasma membrane receptor complex and condensed chromosome outer kinetochore in the cellular component category (Figure 2C). These results suggest that the Tat mutant differs from the wild-type strain in eliciting a host immune response.




Figure 2 | Functional enrichment analysis of DEPs in RAW264.7 cells after infection with M28 and M28ΔtatA. (A–C) Cluster analysis heat map based on GO enrichment. (D) Cluster analysis heat map based on KEGG enrichment. The horizontal direction represents the enrichment test results of the different parts, and the vertical direction is the description of the differential expression enrichment-related functions and KEGG pathways. Red indicates a strong degree of enrichment (the darker the red, the stronger the enrichment), and blue indicates a weaker enrichment (the lighter the blue, the weaker the enrichment).



Then, KEGG pathway annotation and enrichment analysis were performed to determine the signaling pathways associated with upregulated DEPs. In the M28ΔtatA/M28 group, the DEPs were mainly enriched in the cytosolic DNA-sensing pathway, P13K-Akt signaling pathway, RIG-I-like receptor signaling pathway and NF-κB signaling pathway (Figure 2D). Therefore, these results provide additional evidence supporting the hypothesis that macrophages infected with the Tat-mutant strain exhibit different immune responses than those infected with wild-type Brucella.



Pattern Recognition Receptor-Related Proteins Were Upregulated in the Tat Mutant/WT Group

GO and KEGG enrichment analysis indicated that the Tat mutant differs from the wild-type strain in eliciting host immune responses. Pattern recognition receptors (PRRs), including Toll-like receptors (TLRs), NOD-like receptors (NLRs), AIM2-like receptors (ALRs), RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs) and Sequestosome 1/p62-like receptors (SLRs), provide the first line of defense against both extracellular and intracellular pathogens (Kumar et al., 2013; Kaakoush et al., 2015). Thus, we hypothesized that the Tat mutant could be recognized by macrophages in a different way than the wild type, leading to different macrophage immune responses.

We identified several RLRs, ALRs and SLRs that were altered upon Tat mutant Brucella infection, and four of them were significantly upregulated (Figure 3). Most of the upregulated proteins, including DHX58, IFIH1, and IFI204, belong to the functional category of cytosolic nucleic acid sensing receptors, suggesting the importance of this class in recognizing Tat mutant infection (Figures 3A, C). In addition, the SLR family protein SQSTM1 was also significantly upregulated upon Tat mutant Brucella infection at 24 and 48 hpi (Figures 3B, C), suggesting that autophagy may play a role in mediating host recognition of the Tat mutant. In summary, these data suggest that PRRs, especially RLR-related proteins, may play a more important role in the recognition of Tat mutant infection by macrophages than in recognition of the wild type.




Figure 3 | Regulation of proteins associated with pattern recognition receptors in RAW264.7 cells after infection with M28 and M28ΔtatA at 4 hpi (A), 24 hpi (B) and 48 hpi (C). Student’s t test was used to evaluate significant differences between the M28ΔtatA mutant and the wild type. *p < 0.05; **p < 0.01; ***p < 0.001.





Key Inflammatory Pathway-Related Proteins Were Upregulated in the Tat Mutant/WT Group

After PRRs bind to distinct ligands, specific signal transduction pathways are activated, resulting in the induction of numerous cytokine and chemokine genes (Gomes et al., 2012; Kipanyula et al., 2013). Based on the results of the KEGG pathway enrichment, we analyzed proteins within key inflammatory pathways that were significantly upregulated following Tat mutant Brucella infection of murine RAW264.7 macrophages. We identified 10 differentially expressed proteins associated with the RIG-I-like signaling pathway, cytosolic DNA-sensing signaling pathway, NF-κB signaling pathway and TNF signaling pathway (Figure 4). Half of these 10 proteins are involved in the cytosolic nucleic acid signaling pathways, such as IFIH1, DHX58 and ISG15 in the RIG-I-like signaling pathway and IFI204 and IFI202 in the cytosolic DNA-sensing signaling pathway, suggesting the importance of this pathway in the response to Tat mutant infection.




Figure 4 | Regulation of proteins involved in key inflammatory pathways in RAW264.7 cells after infection with M28 and M28ΔtatA at 4 hpi (A), 24 hpi (B) and 48 hpi (C). Student’s t test was used to evaluate significant differences between the M28ΔtatA mutant and the wild type. *p < 0.05; **p < 0.01; ***p < 0.001.



The NF-κB signaling pathway is strongly induced downstream of most PRRs, including TLRs, NLRs and RLRs (Kipanyula et al., 2013; Kumar et al., 2013). As shown in Figure 4, NF-κB signaling pathway-related proteins such as PTGS2, CD40 and TRAF1 were significantly upregulated after Tat mutant Brucella infection, especially PTGS2, suggesting that PTGS2, which is a key mediator of inflammation (Kipanyula et al., 2013; Gagnaire et al., 2016), may play more important roles in the Tat mutant-induced immune response of macrophages than in the M28-induced response. We also identified TNF signaling pathway-related proteins, such as TRAF1, FOS and PTGS2, that were significantly upregulated, and these results are consistent with previous reports that the TNF signaling pathway in macrophages is involved in Brucella infection (Caron et al., 1996; Hop et al., 2017).

Taken together, these data suggest that key inflammatory pathways, especially the cytosolic nucleic acid signaling pathway and NF-κB signaling pathway-related proteins, may play a more important role in the immune response of Tat-mutant infection by macrophages than in the immune response of the wild type.



PRM Validation of the DEPs Identified in the Proteomic Analysis

To verify the differentially expressed proteins in the label-free quantitative proteomics analysis, LC-PRM was applied to analyze the candidate peptides of the 15 target proteins in the M28ΔtatA/M28 groups identified on the basis of the upregulated DEPs in the GO and KEGG databases combined with the functional annotation information. The relative abundance of the peptides from the individual proteins was determined and normalized according to the corresponding total peak area (Gao et al., 2019; Zhang et al., 2020). As shown in Table 1, cytosolic nucleic acid signaling pathway-related proteins such as IFIH1, ISG15 and IFI202, and NF-κB signaling pathway-related proteins such as PTGS2, CD40 and TRAF1, exhibited fold-changes in expression similar to those shown in the label-free proteomics. The results obtained by proteomic analysis and PRM were consistent with each other and confirmed that the expression of macrophage immune-related proteins was significantly increased after Tat-mutant Brucella infection compared to that induced by wild-type strain infection.


Table 1 | PRM validation of the proteomics.





Tat-Mutant Infection Induces Higher Proinflammatory Cytokine and NO Production in RAW264.7 Macrophages Than WT Infection

To gain more insights into the altered immune response in M28ΔtatA-infected macrophages, we examined the production of proinflammatory cytokines (TNF-α and IL-6) and NO relevant to host immune responses to Brucella infection. At 4 and 24 hpi, the production of the proinflammatory cytokines TNF-α and IL-6 in macrophages infected by Brucella was greatly increased compared to that produced in uninfected cells; however, the M28ΔtatA-infected macrophages produced significantly higher levels of these cytokines than the wild-type-infected cells (p<0.001) (Figures 5A, B).




Figure 5 | Expression and production of nitric oxide (NO) and inflammatory cytokines in RAW264.7 cells after infection with M28, M28ΔtatA, and M28ΔtatA pBBRtatA. The production of TNF-α (A) and IL-6 (B) in RAW264.7 cells after infection with the indicated strain was determined by ELISA. The production of NO (C) in RAW264.7 cells after infection with the indicated strains was determined by Griess assays. The relative transcription levels of TNF-α (D), IL-6 (E) and iNOS (F) in RAW264.7 cells after infection with the indicated strain were determined by qRT-PCR. The SD is indicated by the error bar. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.



NO is an important immune mediator by which macrophages control brucellosis (López-Urrutia et al., 2000). Culture supernatants of RAW264.7 cells were assayed for NO production by the Griess assay 24 h and 48 h after infection with the wild-type or Tat-mutant strains. We found that the production of NO in the M28ΔtatA-infected group was significantly higher than that in the M28-infected group (p<0.01) (Figure 5C). Notably, throughout the 24-h course of M28ΔtatA infection, the expression trends of the TNF-α, IL-6 and inducible nitric oxide synthase (iNOS) genes were in line with the ELISA results (Figures 5D–F). These findings suggest that, compared to the response to infection with wild-type M28, infection with the Tat mutant elicited stronger immune-stimulating activity in RAW264.7 cells, as evidenced by a higher production of TNF-α, IL-6, and NO.



NO Production in Macrophages Contributes to Restricting Intracellular Survival of Tat Mutants

Evidence of NO-dependent antimicrobial activity by murine macrophages against Brucella is available (Gross et al., 1998; López-Urrutia et al., 2000). Compared to wild-type infection, Tat mutant infection significantly induced iNOS transcription and NO production in RAW264.7 macrophages. We thus hypothesized that elevated NO production contributes to reducing the Tat mutant load within macrophages.

First, we determined whether the M28ΔtatA mutant is more sensitive to nitrosative stress. Upon treatment with 5 mM NaNO2 on tryptic soy agar (TSA) plates, the bacterial CFU of M28ΔtatA was decreased by ~3.6-fold, whereas that of the wild type was decreased by only ~1.4-fold (p<0.01; Figure 6A), indicating that the M28ΔtatA mutant is more sensitive to NaNO2 than the wild type. L-NMMA is a selective inhibitor of NO synthases, and it can reduce the production of NO during M28 and M28ΔtatA infection of macrophages (Figure 6B). Figure 6C shows that at 24 and 48 hpi, the intracellular M28ΔtatA load was higher in the presence of L-NMMA than in the absence of L-NMMA (p < 0.05), whereas the addition of L-NMMA did not affect the intracellular M28 load at any of the 3 time points. Collectively, these results suggest that NO production in macrophages contributes to restricting the intracellular survival of Tat mutants.




Figure 6 | Sensitivity of various B. melitensis M28 strains to nitrosative stress and inhibition of NO production increases the intracellular survival of Tat mutant Brucella. (A) Nitrosative stress survival assay. Serially diluted cultures of the wild type, M28ΔtatA mutant, and complemented strain were spotted on plain TSA plates or TSA plates containing NaNO2 (5 mM). After 72 h of growth at 37°C under 5% CO2, CFUs were counted, and the ratio of CFUs on the TSA plain plates (CFUunstressed) to CFUs on the NaNO2-supplemented TSA plates (CFUstressed) was calculated for each strain. (B) L-NMMA treatment reduced NO production in M28- and M28ΔtatA-infected RAW264.7 cells. (C) L-NMMA treatment increased Tat mutant Brucella intracellular survival in RAW264.7 cells at 24 h and 48 h post infection; the data are shown as the mean ± standard error of the mean. Student’s t test was used to evaluate significant differences between the M28ΔtatA mutant and the wild type. *p < 0.05; **p < 0.01; ***p < 0.001.






Discussion

The Tat protein export system is located in the cytoplasmic membranes of many bacteria and has the highly unusual ability to transport fully folded proteins. We have previously shown that a Tat mutant of Brucella had significantly reduced virulence in macrophages. This decrease in virulence can be at least partially explained by the impaired antistress ability of the Tat mutants. However, inactivation of Tat led to envelope defects and consequently could expose certain cellular components to macrophages during infection, which may elicit differential host immune responses. In this study, using label-free quantitative proteomics, we present the global proteomic analysis of RAW264.7 macrophage responses to wild-type and Tat-mutant Brucella throughout the course of infection. Indeed, with a combination of quantitative proteomics, ELISA and Griess reaction assays, we revealed that Tat system deficiency significantly upregulated PRRs and key inflammatory pathway-related proteins compared to the wild type. To our knowledge, this is the first analysis of host responses to Tat mutant infection on a global scale, and this work greatly improves our understanding of the role of Tat in Brucella virulence.

Comparing the M28 24h group and M28 4h group, where bacterial load was higher at 24 h, we found that proteins including IFIH1, DDX58, DHX58 and ISG15 were significantly induced at 24 h, suggesting that expression levels of these proteins positively correlated with Brucella bacterial load. However, comparing M28ΔtatA with WT, where M28ΔtatA was present in lower numbers than the WT, these proteins were still induced, suggesting that changes in protein expression was largely due to the mutation of Tat, which likely overrode the bacterial load difference between M28ΔtatA and WT. As another support of this notion, similar trends were observed for cytokine production. We showed that cytosolic nucleic acid signaling pathway-related proteins such as IFIH1 (MDA5), ISG15, IFI202 and IFI204 were significantly upregulated in the M28ΔtatA/M28 infection group. The entry of bacterial nucleic acids into the cytosol of infected cells is essential for the generation of antimicrobial immunity (Abdullah et al., 2012). As a member of the RIG-I-like receptor (RLR) family, MDA5 is an important receptor of cytosolic RNA (Yoneyama et al., 2005). Upon engagement with nonself nucleic acids, RLRs activate serine kinase signaling cascades that converge on interferon regulatory factor (IRF) and NF-κB transcription factors, resulting in the expression of type I IFN, chemokines (CCL2/3/5) and inflammatory cytokines (TNF-α and IL-6) (Pollpeter et al., 2011; Kipanyula et al., 2013). Brucella infection markedly induces the expression and secretion of TNF-α, which, in turn, binds to TNFR-1, further activating the NF-κB signaling pathway, stimulating macrophages to produce NO and ROS, and eliminating intracellular bacteria (Hop et al., 2017). Additionally, a recent study showed that endogenous IL-6 can bind to its receptor complex IL-6R/Gp130 and thus elicit activation of the JAK2/STAT pathway, promoting the production of effectors of phagolysosome maturation-trafficking regulators and lysosomal enzymes, as well as proinflammatory and anti-inflammatory cytokines that facilitate the clearance of Brucella infection in macrophages (Hop et al., 2019). Our results showed that Tat-mutant infection can significantly induce the expression of TNF-α and IL-6 (Figure 5). Therefore, upregulation of the immunosurveillance pathway (RIG-I/MDA5 pathway) and increased production of TNF-α and IL-6 may constitute a mechanism underlying the restriction of Tat mutant survival by macrophages.

Regulation of the nitric oxide synthase biosynthetic process was significantly enriched in the M28ΔtatA/M28 group (Figure S2). iNOS is an enzyme catalyzing NO production, which is induced by TNF-α and IL-1β, among other inflammatory factors, and NO is an essential mediator of macrophage cytotoxicity against a variety of microorganisms (Bansal et al., 2009; Kipanyula et al., 2013). Additionally, NO can increase the expression of some inflammatory response proteins, such as PTGS2 (COX-2) and TNF-α, through NF-κB activation (Dey and Bishayi, 2017). While iNOS produces antibacterial NO, COX-2 converts arachidonic acid to prostaglandins (PGs). After synthesis, PGs are secreted from macrophage cells and function as autocrine agents to regulate macrophage functions, including the production of proinflammatory cytokines and NO (Shi et al., 2009). The induction of NO and COX-2 in macrophages by pathogenic microbes and the roles of these regulatory molecules in controlling microbial infection are well documented (López-Urrutia et al., 2000; Bowman and Bost, 2004; Bernard and Gallo, 2010; Ren et al., 2020). Notably, the ability of Tat-mutant Brucella to resist nitrite in vitro was significantly lower than that of the wild-type strain (Figure 6A). Indeed, COX-2 and NO were significantly induced, and inhibition of NO and COX-2 significantly increased the intracellular survival of Tat mutant Brucella (Figures S3 and 6C). Therefore, elevated production of NO may serve as another mechanism used by macrophages to restrict intracellular growth of the Tat mutant.

Although we showed that the Tat mutant markedly alters immunity-related pathways and that increased production of NO could contribute to restricted survival of the Tat mutant in macrophages, it remains unknown which Tat substrate(s) is responsible for the altered immune responses in macrophages. It is tempting to assume that several substrates involved in cell envelope biosynthesis, including two murein L,D-transpeptidases and an O-antigen/exopolysaccharide biosynthesis protein (Yan et al., 2020), could be contributing factors during Brucella-host cell interactions. In addition, defects in LPS or other surface structures may allow detection by macrophages and subsequently lead to a stronger host immune response, as structures such as the core of LPS serve as a shield to evade innate immunity recognition (Conde-Alvarez et al., 2012). More experiments are needed to address these issues.

Overall, our study presents the first application of quantitative proteomics to identify RAW264.7 macrophage proteins differentially expressed between infections with a Brucella Tat mutant and the wild-type strain. Infection with Tat-mutant Brucella significantly upregulated PRRs and key inflammatory pathway-related proteins compared with the wild type. Our work has provided insights into Brucella-host cell interactions and may shed light on approaches to designing live attenuated vaccines.
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