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Background

Apart from bactericidal effects, anti-tuberculosis drugs can interfere with the host’s immune system. In this study, we analyzed the role of delamanid (DLM), an inhibitor of mycolic acid synthesis of mycobacterial cell wall, on human macrophages.



Methods

Based on a cohort of multidrug-resistant tuberculosis (MDR-TB) patients treated with DLM, the levels of C-reaction protein (CRP) and cytokines in the plasma were monitored using immunoturbidimetric assay and flow cytometry, respectively. We investigated the role of DLM on CXCL10 expression in U937 cell model using the following methods: cell viability assay, reverse transcription-quantitative polymerase chain reaction, enzyme linked immunosorbent assay, immunoblot, and transwell co-culture assay.



Results

A total of 23 MDR-TB patients were included, comprising of 13 patients treated with optimized background therapeutic regimen (OBR) plus DLM regimen (OBR+DLM) and 10 patients treated with OBR plus placebo. DLM administration was associated with a significant reduce in circulating CRP level. Correspondingly, after treatment, the level of CXCL10 in patients treated with OBR+DLM was significantly lower than that with control. Using cell model, DLM dramatically suppressed CXCL10 expression, which majorly depended on inhibiting the JAK/STAT pathway, and impaired the migration of PBMCs.



Conclusion

Our data firstly demonstrate that DLM suppresses CXCL10 expression via regulation of JAK2/STAT1 signaling and correlates with reduced inflammation in MDR-TB patients. DLM could be used as a potential drug for immunotherapy of patients with overactive immune response due to CXCL10.
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Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (MTB) complex, continues to pose a major public health challenge (1, 2). It remains one of leading causes for morbidity and mortality globally, with an estimated 10.0 million incident TB cases and 1.49 million TB deaths in 2020 (1). The emergence of drug-resistant TB, especially multidrug-resistant TB (MDR-TB, defined as TB resistant to rifampicin and isoniazid), seriously hampers efforts to control TB (1, 3). The World Health Organization (WHO) estimated that half of MDR-TB patients were reported in India, China and Russia (1). However, only approximately 59% of patients who initiated treatment achieved favorable outcomes (1). Therefore, there is urgent need to develop novel antimicrobial agents with enhanced efficacy against multidrug-resistant tubercle bacilli (4, 5).

Efficient control of intracellular mycobacterial growth and survival requires enhanced immune response (6, 7), but excessive inflammation is associated with substantial tissue damage (8). The balanced pro- and anti-inflammatory environment is important to provide maximum benefits to individuals infected with MTB (7). Anti-TB agents can also interfere with the immune system by modulating the functions of immune cells. For instance, isoniazid induces apoptosis of activated CD4+ T cells in MTB-infected murine model, and leads to decreased production of Th1 cytokine in latent TB under isoniazid preventive therapy (9). Rifampicin also acts as an immunomodulator that can reduce inflammation via suppressing IκBα degradation and Toll-like receptor 4 signaling (10, 11). By contrast, bedaquiline treatment triggers a series of antimicrobial defense mechanisms, including phagosome-lysosome fusion and autophagy, thus enhancing the effect of mycobacterial clearance in macrophage (12). Considering the complexity of antibiotics on host defense, it is necessary to understand how antibiotics modulate the function of immune cells, which will provide insights for host-directed anti-TB therapy.

Delamanid (DLM), a nitro-dihydro-imidazooxazole derivative, exhibits promising anti-TB activity through inhibiting mycolic acid synthesis of bacterial cell wall (13, 14). It can dramatically improve favorable treatment outcomes for individuals with MDR-TB, which has been endorsed by WHO for clinical management of rifampicin-resistant/MDR-TB patients (13, 15). Macrophages, are the primary in vivo cell target of MTB, which play an essential role in host defense against tubercle bacilli (16). From an immunological perspective it is questionable whether there are possible interactions between DLM and the host immune response. However, limited knowledge is available regarding this aspect. A better understanding of the impact of DLM on the host immune response is required for the development of immuno-therapeutics aiming at improving drug efficacy with minimal tissue damage.



Materials and methods


Ethical approval

Informed consent was obtained from each patient enrolled and the collection of peripheral blood specimens were approved by the Ethics Committee of the Beijing Chest Hospital, Capital Medical University (approval No.: YJS-2020-013). The information of all individuals involved in the study were anonymized.



Patient enrollment

Participants for the cohort were enrolled from a multinational, randomized, double-blind, placebo-controlled clinical trial, which assess the safety, pharmacokinetic profile, and efficacy of DLM in patients with MDR-TB (13). Inclusion criteria were: (1) patients aged 18-64 years; (2) patients infected with MDR-TB confirmed by phenotypical drug susceptibility testing; (3) patients with confirmed chest CT findings of tuberculosis. Exclusion criteria were: (1) history of allergy to all nitro-imidazoles and their derivatives at any time; (2) severe comorbidities or impaired renal function or impaired hepatic function; (3) clinically significant electrocardiogram changes; (4) clinically significant metabolic, gastrointestinal, neurological, or endocrine disorder, malignancy or other abnormality.



Detection of plasma cytokines using flow cytometry

Cytometric Bead Array (CBA) was used to measure the concentrations of cytokines in the plasma collected from MDR-TB patients enrolled, including IFN-γ (cat#561515), TNF-α (cat#561516), IL-1β (cat#561509), IL-6 (cat#561512), CXCL10 (cat#558280) and CCL2 (cat#558342). BD CBA Human Soluble Protein Master Buffer Kit and BD CBA Human Enhanced Sensitivity Master Buffer Kit were used according to manufacturer’s instructions. All antibodies and relative isotype controls were purchased from BD Biosciences (San Diego, CA, USA). Flow cytometric analysis of plasma was performed by LSRFortessa flow cytometer (BD Biosciences, San Diego, CA, USA) using FCAP Array (version 3.0).



Cell culture

A human monocytic cell line U937 cells and a human leukemic cell line THP-1 were obtained from the American Type Culture Collection (ATCC). The cells were maintained in RPMI 1640 medium (HyClone, Waltham, USA) with 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA) and incubated at 37°C in a humidified 5% CO2 atmosphere. In all the related experiments, U937 and THP1 cells were differentiated into adherent macrophage-like cells using 100 ng/ml Phorbol 12-myristate 13-acetate (PMA, Sigma, Darmstadt, Germany) overnight.



Bacterial strains

The mycobacterial isolates used in this study were stored in the Tuberculosis BioBank of Beijing Chest Hospital, Capital Medical University. DLM-resistant strain of MTB (DLMr-MTB) and H37Rv were obtained by cultured from frozen stocks stored at -80°C in solid Löwenstein-Jensen media for 3 weeks. DLMr-MTB strain with growth rate (in liquid medium) similar to H37Rv was used for further experiments. Resistance to DLM of DLMr-MTB strain was confirmed by drug susceptibility test, and by sequence analysis of drug-resistant gene. The ddn gene, encoding deazaflavin-dependent nitroreductase required for DLM activation, was PCR-amplified using primers (forward: 5’-CACCATCATCGAGCGGATTT-3’; reverse: 5’-CAAGGGCGTGAAATGGGAT-3’) and the PCR products were sent to Beijing Ruibio BiotechCo., Ltd for sequencing.



Determination of minimum inhibitory concentration

DLM was purchased from Biochempartner (Shanghai, China). The minimum inhibitory concentration of DLM to H37Rv and DLMr-MTB was determined using alamar blue assay as previously described (17).



Infection of U937 cells

U937 cells were seeded at 1×106 cells/well in a 12-well plate and differentiated with 100 ng/ml PMA overnight. H37Rv and DLMr-MTB were cultured from frozen stocks in solid Löwenstein-Jensen media for 3 weeks. The strains were scraped and put into grinding flask, and then added into 0.05% Tween-80 (Sigma) and vortexed for 30s to disperse. The strains were diluted with RPMI 1640 medium with 10% FBS, and the optical density (OD) value of the strain diluent was detected using a BioSpectrometer (Eppendrof, Hamburg, Germany). Cells were washed three times and were infected with H37Rv or DLMr-MTB at a multiplicity of infection (MOI) of 5 for 2 h at 37°C with 5% CO2. After 2 h, the media were discarded, and the cells were washed three times with 1×PBS to exclude non-internalized bacteria, and cells were incubated with the fresh RPMI 1640 medium with 10% FBS supplemented with DLM, an equal volume of DMSO was used as a control.



Cell viability assay

Cell viability assay was performed using Cell Counting Kit-8 assays (CCK8) (Dojindo, Kumamoto, Japan) according to manufacturer’s instructions. The cells were plated at a density of 5,000 cells per well in 96-wells plates with six replicate wells per group. Cells were infected as described previously. After incubated with DLM or dimethyl sulfoxide (DMSO) for 4 h, 8 h, 24 h, 10 µl CCK8 was added into the 100 µl cell culture medium and the cells were incubated at 37°C. After 4 h, the spectrophotometric absorbance was measured at 450 nm for each sample.



Reverse transcription-quantitative polymerase chain reaction

Total RNA was extracted from using General RNA Extraction Kit (Dongsheng Biotech, China) as manufacturer’s instructions. And mRNA was reverse transcribed to cDNA using Hifair II 1st strand cDNA synthesis supermix (Yeasen Biotech, China). Then real time quantitative PCR assays were performed using Hifair qPCR SYBR green master mix (Low Rox) (Yeasen Biotech) on ABI 7500 system (Applied Biosystems). The primers for CXCL10 (forward, 5’-CACGTGGACAAAATTGGCTTG-3’; reverse, 5’-ACCTTCTCTGCTGTTCCTCTTT-3’), IL-1β (forward, 5’-ATGATGGCTTATTACAGTGGCAA-3’; reverse, 5’-GTCGGAGATTCGTAGCTGGA-3’), IFN-γ (forward, 5’-TCGGTAACTGACTTGAATGTCCA-3’; reverse, 5’-TCGCTTCCCTGTTTTAGCTGC-3’), TNF-α (forward, 5’-GAGGCCAAGCCCTGGTATG-3’; reverse, 5’-GAGGACCTGGGAGTAGATGAG-3’), IL-6 (forward, 5’-ACTCACCTCTTCAGAACGAATTG-3’; reverse, 5’-CCATCTTTGGAAGGTTCAGGTTG-3’), IL-10 (forward, 5’-GACTTTAAGGGTTACCTGGGTTG-3’; reverse, 5’-TCACATGCGCCTTGATGTCTG-3’), CD86 (forward, 5’-CTGCTCATCTATACACGGTTACC-3’; reverse, 5’-GGAAACGTCGTACAGTTCTGTG-3’), CD40 (forward, 5’-ACTGAAACGGAATGCCTTCCT-3’; reverse, 5’-CCTCACTCGTACAGTGCCA-3’), MHC-1 (forward, 5’-GATTACATCGCCTTGAACGAGG-3’; reverse, 5’-GCAGGGTAGAAGCTCAGGG-3’), were designed by Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast). The expression of them were analyzed by the 2−ΔΔCT method and was normalized to the expression of β-actin, which primers were 5’-CATGTACGTTGCTATCCAGGC-3’ (forward) and 5’-CTCCTTAATGTCACGCACGAT-3’ (reverse).



Enzyme linked immunosorbent assay

For measurement of CXCL10, Human CXCL10 ELISA Kit (Neobioscience, China) were used according to the manufacturer’s instructions. And OD values at 450 nm were read on a Multiskan FC microplate photometer (Biotek, USA).



Colony-forming unit counting

Cells used for bacterial counting were lysed in PBS broth containing 0.05% sodium dodecyl sulphate for 5 min at each designated time point. Three sets of serial tenfold dilutions of the lysates from each time point were prepared in PBS, and 100 μl was plated on 7H10 agar (BD) supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC). The colonies were counted after 3-4 weeks.



Transwell co-culture assay

For transwell co-culture assay, 8 μm PC transwell (Corning, NY, USA) was used. The peripheral blood mononuclear cells (PBMC) were donated by one healthy volunteer and maintained in RPMI 1640 medium to starve for 24 h advanced. At the same time, macrophages were treated with DLM or DMSO for 24 h, then the starved PBMC were added in the upper chamber and co-cultured together with macrophage culture supernatant for another 12 h though transwell assay. Furthermore, Recombinant Human CXCL10 (GenScript, Beijing, China) and AMG487 (Selleck) were added into the lower chamber at a concentration of 1 μg/ml and 10 μM for 24 h as the positive and negative control, respectively. Inside of each insert was swabbed gently using cotton swabs and then washed with 1×PBS. Crystal violet stain solution were added to each insert and incubate for 10 minutes, then thoroughly rinse the inserts with 1×PBS until it runs clear. Using a light microscope enumerate the number of stained cells in random fields within each insert when they dry completely. The frequency of purple dots in the image indicated the migratory ability of cells.



Western blot analysis

For immunoblot analysis, macrophages were lysed in NP-40 (Beyotime, Shanghai) supplemented with 1 mM Phenylmethanesulfonyl fluoride (PMSF) and 1% protein phosphatase inhibitor (Solarbio, Beijing). Proteins were separated by SDS-PAGE and transferred to PVDF membrane (Millipore). The blots were blocked with 5% nonfat dry milk in Tris-buffered saline with Tween-20 (TBST) for 2 h at room temperature and subsequently incubated with primary antibodies overnight at 4°C. NF-kappaB p65 (D14E12) Rabbit mAb (CST, cat#8242, 1:1000 dilution), phospho-NF-kappaB p65 (S536) Rabbit Ab (CST, cat#3031, 1:500 dilution), p38 MAPK Rabbit Ab (CST, cat#9212,1:1000 dilution), phospho-p38 MAPK (T180/T182) Rabbit Ab (CST, cat#9211,1:500 dilution), JAK2 (D2E12) Rabbit mAb (CST, cat#3230, 1:1000 dilution), phospho-JAK2 (Tyr1007) (D15E2) Rabbit mAb (CST, cat#4406,1:500 dilution), STAT1 (D1K9Y) Rabbit mAb (CST, cat#14994,1:1000 dilution), phospho-STAT1 (Ser727) (Abcam Biotechnology, cat#109461, 1:2000 dilution), Monoclonal Anti-β-Actin antibody produced in mouse (Sigma, cat#A2228, 1:5000 dilution) were used as primary antibodies. Subsequently, the membranes were incubated with goat anti-mouse IgG or goat anti-rabbit IgG (from Beijing zhongshan golden bridge biotechnology) conjugated to HRP at a dilution of 1:10,000 in blocking buffer for 2 h at room temperature. Finally, the blots were developed by Immobilon Western Chemiluminescent HRP Substrate (Solarbio, Beijing) and exposed to X-ray film. Densitometric quantification of the protein bands was performed using ImageJ 1.51j8 with a standard “gel analysis” tool according to the developer’s guidelines.



Statistical analysis

Data shown in graphs were presented as mean ± SEM. T test, one- or two-way ANOVA analysis followed by multiple comparisons was used for statistical analysis of continuous variables, and the Fisher exact test were used for categorical variables. The quantified data with statistical analysis were performed using GraphPad Prism 8.0, Values of P<0.05 were considered statistically significant. All experiments were performed at least three times.




Results


DLM administration was associated with a significant reduce in circulating C-reaction protein level

A total of 23 MDR-TB patients were finally included in our study, 13 MDR-TB patients treated with optimized background therapeutic regimen (OBR) plus DLM regimen (OBR+DLM) and 10 MDR-TB patients treated with OBR plus placebo. The demographic and clinical characteristics of two groups were shown in Table 1. There were no statistically significant differences in age, gender, body-mass index (BMI), smoke, lung cavities, extent, hypertension, diabetes, adverse events and sputum culture conversion.


Table 1 | Demographic and Baseline Clinical Characteristics.



We detected the circulating CRP levels of these patients using immunoturbidimetric assay during anti-TB treatment. As shown in Figure 1, the circulating CRP levels in OBR+DLM group at 28, 35, 42 and 56 days were significantly lower than those in control group (6.15 ± 6.07 at 28 days, 3.72 ± 2.70 at 35 days, 2.81 ± 2.16 at 42 days and 2.22 ± 2.30 at 56 days), respectively. This result indicated that DLM administration was associated with a significant reduce in circulating CRP level. Considering circulating levels of CRP could reflect systemic inflammation of TB patients, these results suggested that DLM might play a potential role on inhibition of inflammation.




Figure 1 | Dynamic changes in C-reactive protein level of MDR-TB patients within 8 weeks after treatment. The levels of CRP in two group patients. Data are presented as mean ± SEM. *p <.05, **p <.01 (t test).





DLM inhibited CXCL10 expression in MDR-TB patients

To reflect the inflammatory levels during TB treatment, we examined the expression levels of several related cytokines and chemokines including CXCL10, CCL2, IL-6, IL-8, IL-1β, TNF-α, and IFN-γ (18–21) by flow cytometry analysis using the plasma samples from our cohort. The expression profiles of plasma cytokines were shown in Figure 2A, and the levels of cytokines were showed in Figure 2B. After treatment for 14, 28, and 56 days, the level of CXCL10 in patients treated with OBR+DLM was significantly lower than that in control group. The levels of CCL2, IL-6, IL-8 and IL-1β had no significant differences between two groups, and the levels of TNF-α and IFN-γ were under the limit of detection.




Figure 2 | DLM modulates cytokine levels of in MDR-TB patients. Plasma from 23 individual donors were collected after treating with DLM (100 mg twice/day) or not for 1, 14, 28, 56 days. (A) Heatmap showing differential expression of cytokine differentially expressed by MDR-TB patients. Each column corresponds to one donor, data were normalized to determine the log ratio with respect to the median expression of each cytokine. (B) The levels of cytokines in two group patients. Data are presented as mean ± SEM. *p <.05, **p <.01 (two-way ANOVA). Results are representatives from at least three independent experiments.





DLM suppressed CXCL10 expression in naive and MTB-infected macrophages

To explore whether DLM could influence CXCL10 expression in macrophage, U937 cells were differentiated into adherent macrophage-like cells. We treated macrophages with DLM at 0.3 μg/mL, which corresponds to the concentration detected in the plasma of TB patients treated with DLM (22), using DMSO-treated cells as control. By performing RT-qPCR analysis, the results showed that the mRNA level of CXCL10 in macrophages treated with DLM was significantly lower than that of control group (Figure 3A). Consistently, lower production of CXCL10 from macrophages treated with DLM was observed via ELISA, compared to control group (Figure 3B). And the cell viability of macrophage was not affected by DLM (Figure S1A).




Figure 3 | Decreased production of CXCL10 from DLM treated naive and DLMr-MTB infected macrophages. Macrophages were treated with DLM (0.3 μg/mL) for 0-24 h, DMSO was set as control group. (A) Quantitative PCR analysis of CXCL10 mRNA and (B) ELISA of CXCL10 in supernatants of cells from each group. Macrophages were infected with DLMr-MTB and then incubated for an additional 0-24 h with DLM (0.3 μg/mL). DLM treatment led to a decrease in CXCL10 in infected macrophages (C, D). Data are presented as mean ± SEM. *p<.05, **p<.01 (two-way ANOVA). Results are representatives from at least three independent experiments.



We next evaluated if DLM could suppress CXCL10 expression in MTB-infected cells. We generated a DLM-resistant strain of M. tuberculosis (DLMr-MTB) to exclude potential differences caused by the MTB bacillary load between treated and untreated cells. The DLMr-MTB strain carried a base 134 deletion mutation in ddn, the enzyme catalyzing the reduction of DLM to release reactive nitrogen species (Figure S2A). As shown in Figure S2B, the DLMr-MTB strain had a similar generation time to H37Rv when cultured in 7H9 liquid medium, and DLM (0.3 μg/ml) could inhibit the growth of H37Rv but not DLMr-MTB strain. The MIC of the DLMr-MTB strain was higher than 32 mg/L, and the MIC of H37Rv was lower than 0.03 mg/L, similar to previously published study (23). Macrophages were infected with DLMr-MTB for 2 h and then incubated for an additional 0-24 h with DLM (0.3 μg/mL) and DMSO, respectively. Compared to DMSO, DLM treatment led to a decrease in CXCL10 expression in MTB-infected macrophages as well (Figures 3C, D). And the cell viability of macrophage infected with DLMr-MTB was not affected by DLM (Figure S1B). We also found that the mRNA level of IL-1β, IFN-γ, TNF-α, IL-6, and CD 86 in U937 derived macrophages treated with DLM was significantly lower than that of control group no matter the cells were infected by DLMr-MTB or not (Figures S3 and S4), and these results were further validated using THP1 cells treated with DLM or DMSO (Figure S5), which indicated that DLM could influence macrophages activation and polarization.



DLM did not influence macrophage bactericidal functions

To explore whether DLM could influence macrophage bactericidal functions, we treated MTB-infected macrophages with DLM and performed CFU assay. Compared to DMSO, DLM treatment after 8 h and 24 h led to significant decreases in the bacillary load of H37Rv-infected macrophages (Figure S6A). And the cell viability of these macrophages weas not affected (Figure S1C). In contrast, there was no statistically significant difference in the bacillary load of DLMr-MTB inside macrophages between DLM and DMSO groups (Figure S6B). These results revealed that DLM could inhibit the MTB growth in macrophages only by bactericidal function of the drug itself but not by modulating bactericidal function of macrophage.



DLM inhibited the migration of PBMC by suppressing CXCL10 expression

CXCL10 plays an important role during infections by stimulating the migration of immune cells to the infected sites. To determine whether DLM has a potential to inhibit the migration of immune cells, we treated PBMCs with DMSO, DLM, CXCL10 and AMG487 (a CXCR3 small molecule inhibitor), respectively. Transwell migration assay revealed that recombinant Human CXCL10 remarkably promoted the migration of PBMCs (Figure 4, p=0.030). However, DLM and AMG487 significantly inhibited the migration of PBMCs (Figure 4).




Figure 4 | DLM inhibits the migration of PBMC by suppressing CXCL10 expression. Macrophages were pretreated with DMSO, DLM, CXCL10 and AMG487 for 24 h respectively to compare the influence on migratory ability of PBMC. The purple dots in the image indicate the migrated cells. Number of migrated PBMC by group (objective ×20) (A). PBMC migration rate of each group (B). Data are presented as mean ± SEM. *p<.05, **p<.01, and ****p <.0001 (two-way ANOVA). Results are representatives from at least three independent experiments.





DLM inhibited CXCL10 expression in macrophages via the JAK2/STAT1 pathway

Multiple signaling pathways participate in regulating the transcription of CXCL10, including NF-κB, MAPK and JAK-STAT pathways (24–26), we thus evaluated the effects of DLM on these pathways in macrophages. Western blot analysis showed DLM treatment led to a reduction in JAK2 and STAT1 phosphorylation in a time-dependent manner (Figure 5A; Figure S8), whereas the amount of total JAK2 and STAT1 proteins were not affected. Similarly, the phosphorylation of JAK2 and STAT1 in DLMr-MTB infected U937 cells treated with DLM or DMSO were reduced in accordance (Figure 5B). In contract, DLM treatment did not affect phosphorylation of p65 and p38 (Figure S7). These results indicated DLM possibly inhibits CXCL10 expression in macrophages via the JAK/STAT pathway, not NF-κB or MAPK pathway.




Figure 5 | Effect of DLM on JAK/STAT1 pathway in macrophages. (A) Macrophages were treated with DLM or DMSO, respectively, for 0-24 h. (B) Macrophages were infected with DLMr-MTB and then incubated for an additional 0-24 h with DLM (0.3 μg/mL). Western blot analysis was performed by using antibodies to p-JAK2, JAK2, p-STAT1 and STAT1, respectively. β-actin was used as control. (C) Macrophages were treated with DLM, DMSO, Ruxolitinib phosphate (1uM), respectively, for 0-24 h. The cell culture supernates were subjected to ELISA analysis to measure CXCL10 protein level. Data are presented as mean ± SEM. *p<.05, ***p<.001, and ****p < .0001 (two-way ANOVA). Results are representatives from at least three independent experiments.



Previous reports showed that the selective pharmacological JAK2 inhibitor Ruxolitinib phosphate could significantly inhibit upregulated chemokine expression in human mesangial cells (27). Therefore, we compared the effects of DLM and Ruxolitinib phosphate on CXCL10 expression. ELISA analysis showed that Ruxolitinib phosphate proved more effective in suppressing CXCL10 expression than DLM at 24 h (Figure 5C). These results suggested that DLM inhibited CXCL10 expression in U937 cells through suppressing activation of JAK2/STAT1 signaling pathway.




Discussion

The spread of drug-resistant bacteria poses a substantial threat to morbidity and mortality worldwide, emphasizing the urgent need to develop new antibiotics (3). These agents, beyond their bactericidal activity, may alter the function of host immune cell. We describe for the first time the potential mechanisms by which DLM correlates with reduced inflammation in pulmonary TB patients. The administration of DLM significantly suppressed CXCL10 expression of host immune cells. CXCL10, a member of non-ELR (Glu-Leu-Arg) CXC chemokine, induces migration/homing of multiple immune cells to areas of inflammation by binding its unique receptor CXCR3 (28, 29). It plays an important role in the innate immune responses, and is also crucial for subsequent direction of adaptive immune responses. Previous studies showed that the CXCL10 expression levels were positively correlated with the extent of tissue injury and pathogen burden (30, 31). In COVID-19 patients, SARS-CoV-2 infection triggered excessive production of CXCL10, thereby resulting in over recruitment of inflammatory neutrophils, macrophages and Th1 lymphocytes into lung tissue which could cause pulmonary inflammation and destruction (32, 33). In our cohort, we also found that the patients treated with DLM-containing regimens showed a controlled inflammatory response, as demonstrated in lower C-reactive protein level. In line with our results, a cohort analysis by Kumar and colleagues revealed that the elevated levels of CXCL10 were associated with poor TB treatment outcomes, and could be a predictive marker for clinical outcomes (34, 35). These observations taken together indicate that DLM, in addition to direct bacterial killing, could bring treatment benefits to patients afflicted with drug-resistant tubercle bacilli via suppressing the secretion of CXCL10 and minimizing host inflammation.

Despite the fact that a variety of cells could secrete CXCL10 in vivo, analysis of human single-cell RNA-seq datasets revealed that macrophages were the predominant cell type responsible for the production of CXCL10 (36). Our results showed that DLM could inhibit CXCL10 expression in macrophages regardless of MTB infection status, which explained decreased level of CXCL10 in peripheral blood of patients initiated with multidrug treatment containing DLM.

That macrophage secretes CXCL10 is not only of interest with respect to this study, but raises an important question about the molecular mechanisms of inhibition of CXCL10 expression in target cells by DLM. Multiple signaling pathways participate in regulating the transcription of CXCL10, including NF-κB, MAPK and JAK/STAT pathways (24–26). Using a macrophage model, our experimental data revealed that DLM suppressed phosphorylation of JAK2/STAT1 leaded to reduced CXCL10 production as shown in Figure 6. Recent work has highlighted the role of IFN-γ and TNF-α could induce the secretion of CXCL10 in macrophages (37). However, IFN-γ and TNF-α in plasma samples of our cohorts were under the limits of detection using cytometric bead array, and we also detected the expression levels of IFN-γ using ELISA. The results showed that there were no statistical differences between the two groups and lots of samples were also under the limits of detection (data were not shown there). As IFN-γ and TNF-α is primarily produced by cells of the immune system, including innate-like lymphocyte populations, and adaptive immune cells, and NF-kB pathway plays a major role in regulation of CXCL10 expression in monocytes stimulated by these proinflammatory cytokines (37), but not JAK2/STAT1 pathway noted in our observations. Thus, we speculate that DLM employs a distinct signaling pathway from IFN-γ and TNF-α to mediate CXCL10 production. In agreement with this hypothesis, no significant difference was observed in the serum levels of IFN-γ and TNF-α between control and DLM group. Further studies are needed to elucidate the mechanism by which DLM regulate phosphorylation status of JAK2 and STAT1 proteins.




Figure 6 | Schematic representation of putative interaction of DLM with JAK2/STAT1 signaling pathways. Schema illustrates the mechanism that DLM inhibits cell migration by suppressing the JAK2/STAT1 signaling pathway. DLM inhibited the phosphorylation (Tyr1007) and activation of JAK2 and then further inhibited the phosphorylation (Ser727) and activation of STAT1. These further induced the decrease of the downstream genes of STAT1, such as CXCL10, which participated in inflammation by promoting cell migration and ultimately resulted in the progression of TB.



Conventionally, much attention has been focused on identifying the agents that could boost proinflammatory responses aiming to kill and sequester the pathogens invading host cells (16, 38). However, our data showed that the down-regulated secretion of proinflammatory cytokine CXCL10 would produce additional benefit for MDR-TB patients via decreasing immune mediated pathology. The balance between the timing and expression levels of pro- and anti-inflammatory responses plays a key role in the fate of infection. The immune surveillance of TB patients is of great importance to identify the individuals at high risk for failure to control bacterial infection or excessive tissue damage.

We also acknowledge several obvious limitations to this study. First, the sample size is small, the conclusions drawn may be limited, and the plasma sample is frozen for a long time, and the protein degradation may affect the results. Second, we did not explore the effect of DLM on the bactericidal mechanism of macrophages in detail. Further results of these experiments are urgently needed to determine its clinical application in treating MDR-TB. Nevertheless, our data provide new insights into DLM in the clinical management of TB patients.

In conclusion, our data firstly demonstrate that DLM suppresses CXCL10 expression via regulation of JAK2/STAT1 signaling and correlates with reduced inflammation in TB patients. Our work highlights the importance of the balance between pro- and anti-inflammatory responses against MTB infections. In addition, our data also indicates that DLM could be used as a potential drug for immunotherapy of patients with overactive immune response due to CXCL10. Further studies are needed to elucidate the mechanism by which DLM regulate phosphorylation status of JAK2 and STAT1 proteins.
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Supplementary Figure 2 | Generation of DLMr-MTB. (A) Amino acid sequence alignment of the Ddn in H37Rv and DLMr-MTB strain. The deletion mutation was at position 45. (B) Growth of H37Rv and DLMr-MTB in 7H9 medium supplemented with 10% OADC in enrichment with DLM or not. Optical density (OD) measurements of bacterial growth of H37Rv and DLMr-MTB. Data are presented as mean ± SEM. Results are representatives from at least three independent experiments.

Supplementary Figure 3 | Effect of DLM on macrophages activation, polarization and antigen-presentation. Macrophages were treated with DLM (0.3 μg/mL) for 0-24 h, DMSO was set as control group. Quantitative PCR analysis of (A) IL-1β, (B) IFN-γ, (C) TNF-α, (D) IL-6, (E) IL-10, (F) CD 86, (G) CD 40 and (H) MHC-1 mRNA to reflect macrophages activation, polarization and presentation. Data are presented as mean ± SEM. *p<.05, **p<.01, ***p<.001, ****p <.0001 (two-way ANOVA). Results are representatives from at least three independent experiments.

Supplementary Figure 4 | Effect of DLM on DLMr-MTB infected macrophages activation, polarization and antigen-presentation. Macrophages were infected with DLMr-MTB and then incubated for an additional 0-24 h with DLM (0.3 μg/mL). Quantitative PCR analysis of (A) IL-1β, (B) IFN-γ, (C) TNF-α, (D) IL-6, (E) IL-10, (F) CD 86, (G) CD 40 and (H) MHC-1 mRNA to reflect macrophages activation, polarization and presentation. Data are presented as mean ± SEM. **p<.01, ***p<.001, ****p <.0001 (two-way ANOVA). Results are representatives from at least three independent experiments.

Supplementary Figure 5 | Effect of DLM on THP-1 cells activation, polarization and antigen-presentation. THP-1 cells were treated with DLM (0.3 μg/mL) for 0-24 h, DMSO was set as control group. Quantitative PCR analysis of (A) IL-1β, (B) IFN-γ, (C) TNF-α, (D) IL-6, (E) IL-10, (F) CD 86, (G) CD 40 and (H) MHC-1 mRNA to reflect macrophages activation, polarization and presentation. Data are presented as mean ± SEM. *p<.05, **p<.01, ***p<.001, ****p <.0001 (two-way ANOVA). Results are representatives from at least three independent experiments.

Supplementary Figure 6 | DLM did not activate macrophage bactericidal functions. Macrophages were infected with H37Rv (A) or DLMr-MTB (B) 2 h and then incubated with DLM for 0-24 h. At each designated time point, macrophages were lysed, and several sets of serially gradient dilution of the lysates were prepared in 7H9 broth and were then cultivated on 7H10 agar plates for bacterial CFU counting. Data are presented as mean ± SEM. ****p <.0001 (two-way ANOVA). One representative experiment of three is shown.

Supplementary Figure 7 | Effect of DLM on NF-κB and MAPK pathway in macrophages. U937 cells were treated with DLM or DMSO, respectively, for 0-24 h. Western blot analysis was performed by using antibodies to p-p65, p65, p-p38, and p38, respectively. β-actin was used as control.

Supplementary Figure 8 | Effect of DLM on JAK/STAT1 pathway in THP-1 cells. THP-1 cells were treated with DLM, DMSO, respectively, for 0-24 h. Western blot analysis was performed by using antibodies to p-JAK2, JAK2, p-STAT1, STAT1, respectively. β-actin was used as control.



References

1. World Health Organization. Global tuberculosis report 2021. Geneva (2021). Available at: https://www.who.int/tb/publications/gloable_report/en/.

2. Uplekar, M, Weil, D, Lonnroth, K, Jaramillo, E, Lienhardt, C, Dias, HM, et al. WHO's new end TB strategy. Lancet (2015) 385(9979):1799–801. doi: 10.1016/S0140-6736(15)60570-0

3. Lange, C, Chesov, D, Heyckendorf, J, Leung, CC, Udwadia, Z, and Dheda, K. Drug-resistant tuberculosis: An update on disease burden, diagnosis and treatment. Respirology (2018) 23(7):656–73. doi: 10.1111/resp.13304

4. Pontali, E, Raviglione, MC, Migliori, GB, and the writing group members of the Global T. B. N. C. T. C. Regimens to treat multidrug-resistant tuberculosis: past, present and future perspectives. Eur Respir Rev (2019) 28(152):190035. doi: 10.1183/16000617.0035-2019

5. Brigden, G, Hewison, C, and Varaine, F. New developments in the treatment of drug-resistant tuberculosis: clinical utility of bedaquiline and delamanid. Infect Drug Resist (2015) 8:367–78. doi: 10.2147/IDR.S68351

6. O'Garra, A, Redford, PS, McNab, FW, Bloom, CI, Wilkinson, RJ, and Berry, MP. The immune response in tuberculosis. Annu Rev Immunol (2013) 31:475–527. doi: 10.1146/annurev-immunol-032712-095939

7. Martino, M, Lodi, L, Galli, L, and Chiappini, E. Immune response to mycobacterium tuberculosis: A narrative review. Front Pediatr (2019) 7:350. doi: 10.3389/fped.2019.00350

8. Ravimohan, S, Kornfeld, H, Weissman, D, and Bisson, GP. Tuberculosis and lung damage: from epidemiology to pathophysiology. Eur Respir Rev (2018) 27(147):170077. doi: 10.1183/16000617.0077-2017

9. Tousif, S, Singh, DK, Ahmad, S, Moodley, P, Bhattacharyya, M, . Van Kaer, L, et al. Isoniazid induces apoptosis of activated CD4+ T cells: implications for post-therapy tuberculosis reactivation and reinfection. J Biol Chem (2014) 289(44):30190–5. doi: 10.1074/jbc.C114.598946

10. Bi, W, Zhu, L, Wang, C, Liang, Y, Liu, J, Shi, Q, et al. Rifampicin inhibits microglial inflammation and improves neuron survival against inflammation. Brain Res (2011) 1395:12–20. doi: 10.1016/j.brainres.2011.04.019

11. Wang, X, Grace, PM, Pham, MN, Cheng, K, Strand, KA, Smith, C, et al. Rifampin inhibits toll-like receptor 4 signaling by targeting myeloid differentiation protein 2 and attenuates neuropathic pain. FASEB J (2013) 27(7):2713–22. doi: 10.1096/fj.12-222992

12. Giraud-Gatineau, A, Coya, JM, Maure, A, Biton, A, Thomson, M, Bernard, EM, et al. The antibiotic bedaquiline activates host macrophage innate immune resistance to bacterial infection. Elife (2020) 9:e55692. doi: 10.7554/eLife.55692

13. Gler, MT, Skripconoka, V, Sanchez-Garavito, E, Xiao, H, Cabrera-Rivero, JL, Vargas-Vasquez, DE, et al. Delamanid for multidrug-resistant pulmonary tuberculosis. N Engl J Med (2012) 366(23):2151–60. doi: 10.1056/NEJMoa1112433

14. Saliu, OY, Crismale, C, Schwander, SK, and Wallis, RS. Bactericidal activity of OPC-67683 against drug-tolerant mycobacterium tuberculosis. J Antimicrob Chemother (2007) 60(5):994–8. doi: 10.1093/jac/dkm291

15.World Health Organization. WHO guidelines approved by the guidelines review committee. Geneva (2019). Available at: https://www.who.int/tb/publications/gloable_report/cn/.

16. Chai, Q, Wang, L, Liu, CH, and Ge, B. New insights into the evasion of host innate immunity by mycobacterium tuberculosis. Cell Mol Immunol (2020) 17(9):901–13. doi: 10.1038/s41423-020-0502-z

17. Qiao, M, Ren, W, Guo, H, Huo, F, Shang, Y, Wang, Y, et al. Comparative in vitro susceptibility of a novel fluoroquinolone antibiotic candidate WFQ-228, levofloxacin, and moxifloxacin against mycobacterium tuberculosis. Int J Infect Dis (2021) 106:295–9. doi: 10.1016/j.ijid.2021.04.036

18. Feng, JY, Ho, LI, Chuang, FY, Pan, SW, Chen, YY, Tung, CL, et al. Depression and recovery of IL-17A secretion in mitogen responses in patients with active tuberculosis-a prospective observational study. J Formos Med Assoc (2021) 120(4):1080–9. doi: 10.1016/j.jfma.2020.09.012

19. Mvungi, HC, Mbelele, PM, Buza, JJ, Mpagama, SG, and Sauli, E. Blood cytokine responses to early secreted protein antigen-6/culture filtrate protein-10 tuberculosis antigens 2 months after antituberculosis treatment among patients with drug-susceptible pulmonary tuberculosis. Int J Mycobacteriol (2019) 8(1):53–9. doi: 10.4103/ijmy.ijmy_30_19

20. Kim, SY, Kim, J, Kim, DR, Kang, YA, Bong, S, Lee, J, et al. Urine IP-10 as a biomarker of therapeutic response in patients with active pulmonary tuberculosis. BMC Infect Dis (2018) 18(1):240. doi: 10.1186/s12879-018-3144-3

21. Nie, W, Wang, J, Jing, W, Shi, W, Wang, Q, Huang, X, et al. Value of serum cytokine biomarkers TNF-alpha, IL-4, sIL-2R and IFN-gamma for use in monitoring bacterial load and anti-tuberculosis treatment progress. Cytokine X (2020) 2(2):100028. doi: 10.1016/j.cytox.2020.100028

22. Sasahara, K, Shimokawa, Y, Hirao, Y, Koyama, N, Kitano, K, Shibata, M, et al. Pharmacokinetics and metabolism of delamanid, a novel anti-tuberculosis drug, in animals and humans: Importance of albumin metabolism in vivo. Drug Metab Dispos: Biol Fate Chem (2015) 43(8):1267–76. doi: 10.1124/dmd.115.064527

23. Matsumoto, M, Hashizume, H, Tomishige, T, Kawasaki, M, Tsubouchi, H, Sasaki, H, et al. OPC-67683, a nitro-dihydro-imidazooxazole derivative with promising action against tuberculosis in vitro and in mice. PloS Med (2006) 3(11):e466. doi: 10.1371/journal.pmed.0030466

24. Zaheer, RS, Koetzler, R, Holden, NS, Wiehler, S, and Proud, D. Selective transcriptional down-regulation of human rhinovirus-induced production of CXCL10 from airway epithelial cells via the MEK1 pathway. J Immunol (2009) 182(8):4854–64. doi: 10.4049/jimmunol.0802401

25. Mendez-Samperio, P, Perez, A, and Rivera, L. Mycobacterium bovis bacillus calmette-guerin (BCG)-induced activation of PI3K/Akt and NF-kB signaling pathways regulates expression of CXCL10 in epithelial cells. Cell Immunol (2009) 256(1-2):12–8. doi: 10.1016/j.cellimm.2008.12.002

26. Aota, K, Yamanoi, T, Kani, K, Ono, S, Momota, Y, and Azuma, M. Inhibition of JAK-STAT signaling by baricitinib reduces interferon-gamma-Induced CXCL10 production in human salivary gland ductal cells. Inflammation (2021) 44(1):206–16. doi: 10.1007/s10753-020-01322-w

27. Abedin, SM, and Hamadani, M. Ruxolitinib: a potential treatment for corticosteroid refractory acute graft-versus-host disease. Expert Opin Investig Drugs (2020) 29(5):423–7. doi: 10.1080/13543784.2020.1757069

28. Bone-Larson, CL, Hogaboam, CM, Evanhoff, H, Strieter, RM, and Kunkel, SL. IFN-gamma-inducible protein-10 (CXCL10) is hepatoprotective during acute liver injury through the induction of CXCR2 on hepatocytes. J Immunol (2001) 167(12):7077–83. doi: 10.4049/jimmunol.167.12.7077

29. Brightling, CE, Ammit, AJ, Kaur, D, Black, JL, Wardlaw, AJ, Hughes, JM, et al. The CXCL10/CXCR3 axis mediates human lung mast cell migration to asthmatic airway smooth muscle. Am J Respir Crit Care Med (2005) 171(10):1103–8. doi: 10.1164/rccm.200409-1220OC

30. Liu, M, Guo, S, Hibbert, JM, Jain, V, Singh, N, Wilson, NO, et al. CXCL10/IP-10 in infectious diseases pathogenesis and potential therapeutic implications. Cytokine Growth Factor Rev (2011) 22(3):121–30. doi: 10.1016/j.cytogfr.2011.06.001

31. Roe, B, Coughlan, S, Hassan, J, Grogan, A, Farrell, G, Norris, S, et al. Elevated serum levels of interferon- gamma -inducible protein-10 in patients coinfected with hepatitis c virus and HIV. J Infect Dis (2007) 196(7):1053–7. doi: 10.1086/520935

32. Blot, M, Jacquier, M, Glele, LSA, Beltramo, G, Nguyen, M, Bonniaud, P, et al. CXCL10 could drive longer duration of mechanical ventilation during COVID-19 ARDS. Crit Care (2020) 24(1):632. doi: 10.1186/s13054-020-03328-0

33. Zhang, N, Zhao, YD, and Wang, XM. CXCL10 an important chemokine associated with cytokine storm in COVID-19 infected patients. Eur Rev Med Pharmacol Sci (2020) 24(13):7497–505. doi: 10.26355/eurrev_202007_21922

34. Kumar, NP, Moideen, K, Nancy, A, Viswanathan, V, Shruthi, BS, Sivakumar, S, et al. Plasma chemokines are biomarkers of disease severity, higher bacterial burden and delayed sputum culture conversion in pulmonary tuberculosis. Sci Rep (2019) 9(1):18217. doi: 10.1038/s41598-019-54803-w

35. Kumar, NP, Hissar, S, Thiruvengadam, K, Banurekha, VV, Balaji, S, Elilarasi, S, et al. Plasma chemokines as immune biomarkers for diagnosis of pediatric tuberculosis. BMC Infect Dis (2021) 21(1):1055. doi: 10.1186/s12879-021-06749-6

36. House, IG, Savas, P, Lai, J, Chen, AXY, Oliver, AJ, Teo, ZL, et al. Macrophage-derived CXCL9 and CXCL10 are required for antitumor immune responses following immune checkpoint blockade. Clin Cancer Res (2020) 26(2):487–504. doi: 10.1158/1078-0432.CCR-19-1868

37. Qi, XF, Kim, DH, Yoon, YS, Jin, D, Huang, XZ, Li, JH, et al. Essential involvement of cross-talk between IFN-gamma and TNF-alpha in CXCL10 production in human THP-1 monocytes. J Cell Physiol (2009) 220(3):690–7. doi: 10.1002/jcp.21815

38. Wallis, RS. Reconsidering adjuvant immunotherapy for tuberculosis. Clin Infect Dis (2005) 41(2):201–8. doi: 10.1086/430914



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 © 2022 Qiao, Li, Yuan, Ren, Shang, Wang, Liu, Zhang, Li, Wu, Lu, Gao and Pang. 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/fimmu-13-923492-g005.jpg
Time (h)
p-JAK2
JAK2
p-STAT1
STAT1

B-actin

150

CXCL10 (pg/ml)

DMSO DLM

0 4 8 1224 0 4 8 12 24

Il

I DMSO o
1 DLM =

=3 Ruxolitinib Phosphate

Time (h)
p-JAK2
JAK2
p-STAT1
STAT1

B-actin

DMSO DLM
0 4 8 12 24 0 4 8 12 24





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Delamanid suppresses CXCL10 expression via regulation of JAK/STAT1 signaling and correlates with reduced inflammation in tuberculosis patients

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Ethical approval

          



          		

            Patient enrollment

          



          		

            Detection of plasma cytokines using flow cytometry

          



          		

            Cell culture

          



          		

            Bacterial strains

          



          		

            Determination of minimum inhibitory concentration

          



          		

            Infection of U937 cells

          



          		

            Cell viability assay

          



          		

            Reverse transcription-quantitative polymerase chain reaction

          



          		

            Enzyme linked immunosorbent assay

          



          		

            Colony-forming unit counting

          



          		

            Transwell co-culture assay

          



          		

            Western blot analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            DLM administration was associated with a significant reduce in circulating C-reaction protein level

          



          		

            DLM inhibited CXCL10 expression in MDR-TB patients

          



          		

            DLM suppressed CXCL10 expression in naive and MTB-infected macrophages

          



          		

            DLM did not influence macrophage bactericidal functions

          



          		

            DLM inhibited the migration of PBMC by suppressing CXCL10 expression

          



          		

            DLM inhibited CXCL10 expression in macrophages via the JAK2/STAT1 pathway

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-923492-g004.jpg
Migration (12h)

DMSO DLM CXCL10 AMG487

kkk

*k Kk

kkk

10 *

Migration (%)

0
DMSO + - - -
DLM - + = .
CXCL10 . . + .
AMG 487 - - - +





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-923492-g002.jpg
CXCL10 (pg/ml)

Time (days) 1

IL-6 (pg/ml)

Time (days) 1

IL-1B (pg/ml)

807 = OBR+placebo == OBR+DLM
60
40
20

14 28 56
257 == OBR+placebo == OBR+DLM
204 +
15
10
5

28

56

0.8

1 OBR+placebo =2 OBR+DLM

=
)

o
'S

e
)

0.0
Time (days) 1

28 56

group

IL-1g-1
IL-1B-14

IL-1p-28
IL-1B-56

o - N & oo

IL6-1
IL-6-14
IL-6-28
IL-6-56
181

IL-8-14
IL-8-28
IL-8-56

ceLz-

|co2-1a

coL2-28
ccL2-56
CXCL10-1
CXCL10-14
CXCL10-28
CXCL10-56

15

E 10
(=2}
2
N
Q

O 5

0

Time (days)

6

= 4
£
D
e
@

= 2

0

Time (days)

6 | oBR+placebo
OBR+DLM

1 OBR+placebo =3 OBR+DLM

1 14 28 56

= OBR+DLM

1 OBR+placebo

1 14

28

56





OEBPS/Images/fimmu-13-923492-g001.jpg
29 —-o— OBR+placebo
OBR+DLM
20

15

i ]
*
* %

CRP (mg/dl)

0
Time (days) 0 20 40 00





OEBPS/Images/fimmu-13-923492-g006.jpg
oooooooooooooooooooo

.........
) » e
»e -

WiN L ! migration
/// > Inflammation

»
"

.‘.'.. 00 '.'.........'Q.'.....'
00008
90900800606660000000000000099%%°





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2022.923492_cover.jpg
’ frontiers | Frontiersin Immunology

Delamanid suppresses
CXCL10 expression via
regulation of JAK/STAT1
signaling and correlates with
reduced inflammation in
tuberculosis patients





OEBPS/Images/fimmu-13-923492-g003.jpg
— DMSO
— DLM

100

— DMSO

2.5

<

N

[ee)

<t

o

£ o o o o W

o © < N >

£

(w/Bd) 01710XD =

<

N

[ee)

<t
s
=
[a)

_H_ o

[ = | o) o 9] o m

~N -~ - o o

£

=

6004 = DMSO

*k

— DMSO

[eo)

<
=
P |
a

— o

s g °I

< « .m

(w/Bd) 0LT0XD =

<

N

[eo)

<
s
O |
a

— o

< N o m

(0]

(Ploy) YNYHW 04 70X _m





OEBPS/Images/table1.jpg
Characteristic OBR+placebo (n=10) OBR+DLM (n=13) P value

Age (M+SD) 36.20+9.74 39.08+11.43 0.51
Sex (male) No. (%) 6 (60.00) 10 (76.92) 0.65
BMI (M+SD) 20.81+3.26 21.11+2.75 0.81
Smoke (Yes) No. (%) 4 (40.00) 7 (53.85) 0.68
Hypertension (No) No. (%) 10 (100.00) 12 (92.31) 1.00
Diabetes (No) No. (%) 10 (100.00) 11 (84.62) 0.49
Lung cavities (Yes) No. (%) 8 (80.00) 10 (76.92) 1.00
Extent (Bilateral) No. (%) 8 (80.00) 11 (84.62) 100
Adverse event (Yes) No. (%) 5 (50.00) 9 (69.23) 0.42
Sputum culture conversion (Yes) No. (%) 3 (30.00) 6 (46.15) 0.67

OBR, optimized background therapeutic regimen; DLM, delamanid; BMI, body-mass index, the body-mass index is the weight in kilograms divided by the square of the height in meters.





