

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-1916-5
DOI 10.3389/978-2-8325-1916-5

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Mycobacteria and the macrophage

Topic editors

Suzie Hingley-Wilson – University of Surrey, United Kingdom

Samantha Leigh Sampson – Stellenbosch University, South Africa

Sangeeta Tiwari – The University of Texas at El Paso, United States

Citation

Hingley-Wilson, S., Sampson, S. L., Tiwari, S., eds. (2024). Mycobacteria and the macrophage. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-1916-5





Table of Contents




Key Macrophage Responses to Infection With Mycobacterium tuberculosis Are Co-Regulated by microRNAs and DNA Methylation

Monika Looney, Rachel Lorenc, Marc K. Halushka and Petros C. Karakousis

Integrative Analysis of Human Macrophage Inflammatory Response Related to Mycobacterium tuberculosis Virulence

Pauline Bade, Fabrizio Simonetti, Stephanie Sans, Patricia Laboudie, Khadija Kissane, Nicolas Chappat, Sophie Lagrange, Florence Apparailly, Christine Roubert and Isabelle Duroux-Richard

PPE38-Secretion-Dependent Proteins of M. tuberculosis Alter NF-kB Signalling and Inflammatory Responses in Macrophages

James Gallant, Tiaan Heunis, Caroline Beltran, Karin Schildermans, Sven Bruijns, Inge Mertens, Wilbert Bitter and Samantha L. Sampson

Mycobacterium tuberculosis Protein PE6 (Rv0335c), a Novel TLR4 Agonist, Evokes an Inflammatory Response and Modulates the Cell Death Pathways in Macrophages to Enhance Intracellular Survival

Neha Sharma, Mohd Shariq, Neha Quadir, Jasdeep Singh, Javaid A. Sheikh, Seyed E. Hasnain and Nasreen Z. Ehtesham

Identifying Bacterial and Host Factors Involved in the Interaction of Mycobacterium bovis with the Bovine Innate Immune Cells

Federico Carlos Blanco, María José Gravisaco, María Mercedes Bigi, Elizabeth Andrea García, Cecilia Marquez, Mike McNeil, Mary Jackson and Fabiana Bigi

Mycobacterium tuberculosis Specific Protein Rv1509 Evokes Efficient Innate and Adaptive Immune Response Indicative of Protective Th1 Immune Signature

Manjunath P, Javeed Ahmad, Jasmine Samal, Javaid Ahmad Sheikh, Simran Kaur Arora, Mohd Khubaib, Heena Aggarwal, Indu Kumari, Kalpana Luthra, Syed Asad Rahman, Seyed E. Hasnain and Nasreen Z. Ehtesham

Host Immune-Metabolic Adaptations Upon Mycobacterial Infections and Associated Co-Morbidities

Alba Llibre, Martin Dedicoat, Julie G. Burel, Caroline Demangel, Matthew K. O’Shea and Claudio Mauro

Mycobacterium tuberculosis Exploits Focal Adhesion Kinase to Induce Necrotic Cell Death and Inhibit Reactive Oxygen Species Production

Afrakoma Afriyie-Asante, Ankita Dabla, Amy Dagenais, Stefania Berton, Robin Smyth and Jim Sun

Dissecting Host-Pathogen Interactions in TB Using Systems-Based Omic Approaches

Khushboo Borah, Ye Xu and Johnjoe McFadden

Novel Assay Platform to Evaluate Intracellular Killing of Mycobacterium tuberculosis: In Vitro and In Vivo Validation

Kata Horváti, Kinga Fodor, Bernadett Pályi, Judit Henczkó, Gyula Balka, Gergő Gyulai, Éva Kiss, Beáta Biri-Kovács, Zsuzsanna Senoner and Szilvia Bősze

Foam Cell Macrophages in Tuberculosis

Pooja Agarwal, Siamon Gordon and Fernando O. Martinez

Single Nucleotide Polymorphisms in the Bovine TLR2 Extracellular Domain Contribute to Breed and Species-Specific Innate Immune Functionality

Marie-Christine Bartens, Amanda J. Gibson, Graham J. Etherington, Federica Di Palma, Angela Holder, Dirk Werling and Sam Willcocks

Dynamics of Macrophage, T and B Cell Infiltration Within Pulmonary Granulomas Induced by Mycobacterium tuberculosis in Two Non-Human Primate Models of Aerosol Infection

Laura Hunter, Suzie Hingley-Wilson, Graham R. Stewart, Sally A. Sharpe and Francisco Javier Salguero

The One That Got Away: How Macrophage-Derived IL-1β Escapes the Mycolactone-Dependent Sec61 Blockade in Buruli Ulcer

Belinda S. Hall, Louise Tzung-Harn Hsieh, Sandra Sacre and Rachel E. Simmonds

Interaction of Mycobacteria With Host Cell Inflammasomes

Shivangi Rastogi and Volker Briken

Induced Synthesis of Mycolactone Restores the Pathogenesis of Mycobacterium ulcerans In Vitro and In Vivo

Emily Strong, Bryan Hart, Jia Wang, Maria Gonzalez Orozco and Sunhee Lee

Macrophage: A Cell With Many Faces and Functions in Tuberculosis

Faraz Ahmad, Anshu Rani, Anwar Alam, Sheeba Zarin, Saurabh Pandey, Hina Singh, Seyed Ehtesham Hasnain and Nasreen Zafar Ehtesham

Commonalities of Mycobacterium tuberculosis Transcriptomes in Response to Defined Persisting Macrophage Stresses

Catherine Vilchèze, Bo Yan, Rosalyn Casey, Suzie Hingley-Wilson, Laurence Ettwiller and William R. Jacobs Jr

System-wide identification of myeloid markers of TB disease and HIV-induced reactivation in the macaque model of Mtb infection and Mtb/SIV co-infection

Maya Gough, Dhiraj K. Singh, Bindu Singh, Deepak Kaushal and Smriti Mehra





ORIGINAL RESEARCH

published: 01 June 2021

doi: 10.3389/fimmu.2021.685237

[image: image2]


Key Macrophage Responses to Infection With Mycobacterium tuberculosis Are Co-Regulated by microRNAs and DNA Methylation


Monika Looney 1, Rachel Lorenc 1, Marc K. Halushka 2 and Petros C. Karakousis 1*


1 Department of Medicine, Division of Infectious Disease, Johns Hopkins University School of Medicine, Baltimore, MD, United States, 2 Department of Pathology, Johns Hopkins University School of Medicine, Baltimore, MD, United States




Edited by: 
Samantha Leigh Sampson, Stellenbosch University, South Africa

Reviewed by: 
Suraj P. Parihar, University of Cape Town, South Africa

Ioannis Mitroulis, Democritus University of Thrace, Greece

*Correspondence: 
Petros C. Karakousis
 petros@jhmi.edu

Specialty section: 
 This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology


Received: 24 March 2021

Accepted: 13 May 2021

Published: 01 June 2021

Citation:
Looney M, Lorenc R, Halushka MK and Karakousis PC (2021) Key Macrophage Responses to Infection With Mycobacterium tuberculosis Are Co-Regulated by microRNAs and DNA Methylation. Front. Immunol. 12:685237. doi: 10.3389/fimmu.2021.685237



Tuberculosis (TB) is the leading cause of death from infection with a single bacterial pathogen. Host macrophages are the primary cell type infected with Mycobacterium tuberculosis (Mtb), the organism that causes TB. Macrophage response pathways are regulated by various factors, including microRNAs (miRNAs) and epigenetic changes that can shape the outcome of infection. Although dysregulation of both miRNAs and DNA methylation have been studied in the context of Mtb infection, studies have not yet investigated how these two processes may jointly co-regulate critical anti-TB pathways in primary human macrophages. In the current study, we integrated genome-wide analyses of miRNA abundance and DNA methylation status with mRNA transcriptomics in Mtb-infected primary human macrophages to decipher which macrophage functions may be subject to control by these two types of regulation. Using in vitro macrophage infection models and next generation sequencing, we found that miRNAs and methylation changes co-regulate important macrophage response processes, including immune cell activation, macrophage metabolism, and AMPK pathway signaling.
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Introduction

Tuberculosis (TB) is one of the top 10 causes of death worldwide and the leading cause of death from a single bacterial pathogen (1). It is estimated that approximately one quarter of the world is currently infected with Mycobacterium tuberculosis (Mtb), the bacterium that causes TB.

Macrophages are the primary cell type infected by Mtb. The host’s ability to control Mtb infection is dependent upon regulation of various cellular processes, including activation of macrophages to promote killing of intracellular Mtb, and cell-to-cell signaling to coordinate innate and adaptive immune responses (2–5). However, Mtb has evolved virulence mechanisms to suppress host defenses and promote its own survival within the host (3, 6). While it is known that Mtb infection drives changes in expression of host genes involved in these pathways, mechanisms by which Mtb alters host transcriptional responses to subvert macrophage-mediated killing are not well understood.

Many key host transcriptional pathways are controlled by microRNAs (miRNAs) and epigenetic changes (primarily methylation of promoter regions). Mtb infection has been shown to dysregulate miRNA expression and alter DNA methylation patterns in infected host cells (7, 8). However, most of the published studies in this area suffer from two critical limitations: 1) biased or limited scope of analysis, and 2) reliance on cancerous cell lines (9–14). Previous studies on miRNA and epigenetic regulation focus primarily on specific targets of interest based on their known function in TB disease (9–13). Although targeted approaches are very powerful for examining the role of specific miRNAs and methylation changes in Mtb-host interactions, they are unable to provide a global understanding of transcriptional networks regulating host defenses against Mtb infection and cannot identify novel host regulatory factors involved in these processes. Furthermore, transcriptional and epigenetic analysis of immortalized cell lines is limited by the observation that such cells at baseline display dysregulation of small regulatory RNAs, epigenetic markers, and messenger RNA (mRNA) (9, 14). Therefore, while these models have facilitated major research developments for understanding macrophage responses to Mtb, it is important that the regulatory functions of miRNAs and DNA methylation also be studied in primary human macrophages.

We hypothesized that Mtb alters transcriptional responses in infected macrophages to favor intracellular bacillary survival by modulating the expression of key miRNAs and the methylation of important host defense genes. Using unbiased next-generation sequencing (NGS) and high-throughput DNA methylation profiling, we developed an integrated analysis of dysregulated small RNAs, methylation, and transcriptional pathways in Mtb infection of human monocyte-derived macrophages (MDMs).



Materials and Methods


Ethics

The study was reviewed by the Johns Hopkins University Institutional Review Board and it was determined that it does not constitute human subjects research under the DHHS or FDA regulations. The authors did not have any contact with donors. All samples were de-identified by the Blood Donor Center of the Anne Arundel Medical Center, Maryland, USA prior to use in these studies.



Bacterial Cultures

The virulent Mtb strain H37Rv-lux was used for all studies (15). H37Rv-lux contains the full bacterial luciferase operon, luxAB, which constitutively expresses luciferase and its substrate, luciferin. A robust luminescent signal is produced, which can be measured in relative light units (RLU) and which serves as a reliable and instantaneous readout for colony forming units (CFU). H37Rv-lux was cultured in 7H9 + 10% OADC + 0.05% Tween-80 + 0.2% glycerol at 37°C in a shaking incubator or made into frozen stocks kept at -80°C in 7H9 + 10% OADC + 0.05% Tween-80 + 10% glycerol. Three frozen stocks were thawed and used to confirm a viable bacterial density of 1x108 CFU/ml. These frozen stocks were used directly for infection of primary human MDMs.



Isolation of Primary Human MDMs

Primary human peripheral blood mononuclear cells (PBMCs) were isolated from platelet-depleted whole blood from healthy human donors using standard Ficoll-paque density gradient centrifugation (GE Healthcare, Cat# 17144003). Both male and female donors were used (donors A and D were male, donors B and C were female). Monocytes were isolated from the buffy coat using passive plastic adherence to cell culture plates at 37°C, 5% CO2, for 4 hours in serum-free media (RPMI-1640 + 4mM L-glutamine). After a 4-hour incubation, non-adherent lymphocytes and erythrocytes were removed with five washes in 1X phosphate buffered saline (PBS). Adherent monocytes were allowed to differentiate into macrophages over a period of one week at 37°C, 5% CO2, in complete media containing 10% non-heat inactivated fetal bovine serum (FBS) (RPMI 1640 + 4mM L-glutamine + 10% FBS). Media was changed every 2-3 days. On day 7, macrophages were infected with Mtb. Colony-stimulating factors (i.e. M-CSF and GM-CSF) were intentionally excluded from culture media as 10% FBS alone allows for differentiation of primary monocytes into macrophages (16) and to maintain natural cell heterogeneity and avoid artificial primining of macrophages to develop M1 or M2 phenotypes (17).



Infection of MDMs With Mtb

After 7 days of differentiation, primary human MDMs were infected with Mtb H37Rv-lux at a multiplicity of infection (MOI) of 5 or 10 for 24 or 48 hours. Infected cells and uninfected controls were incubated in complete cell culture media (described above) at 37°C, 5% CO2. At each time point post-infection, MDM viability was measured by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay (Promega, CellTiter 96® AQueous One Solution Cell Proliferation Assay, Cat # G3582). After recording MDM viability, MDMs were lysed in 0.05% sodium dodecyl sulfate (SDS) and measured for bacterial burden by single tube luminometer (Supplemental Figure 1, data previously shown) (18). Matched wells for each sample were also harvested for RNA isolation in TRIzol (ThermoFisher).



Small RNA Isolation, Library Preparation, Sequencing, and Analysis

Total RNA, including small RNA, was isolated from samples frozen at –80°C in TRIzol using the Qiagen miRNeasy mini kit (Qiagen, Cat#217004). Manufacturer instructions for isolation were followed exactly. Quality of total and small RNA were assessed using a fragment analyzer at the Johns Hopkins University DNA Services Core Facility.

RNA was converted into small RNA libraries for small RNA sequencing (sRNA-seq) using the Qiagen QIAseq miRNA Library Kit (Qiagen, Cat# 331505). Quality, size, and concentration of small RNA libraries were then assessed using a fragment analyzer at the Johns Hopkins University DNA Services Core Facility. Libraries were pooled to 1ng/μl and sequenced in a single run on a NextSeq 500 instrument to a depth of at least 1 million reads per sample at the Johns Hopkins University Transcriptomics and Deep Sequencing Core Facility (JHU TSC).

sRNA-seq raw data were aligned using miRge2.0, a bioinformatic sequencing analysis tool designed specifically for processing sRNA-seq data (19). Differential expression of miRNAs was compared using the DESeq2 package, including Benjamini Hochberg correction, in R. miRNA target analysis was performed using miRNet2.0 (20). Pathway enrichment analysis of differently expressed miRNA targets was generated using the R package gprofiler2 (21).



Total RNA Isolation, Library Preparation, Sequencing, and Analysis

Total RNA from MDMs infected at an MOI of 10 for 48 hours was isolated with the Qiagen AllPrep DNA/RNA Mini Kit (Qiagen, Cat # 80204) following manufacturer instructions. Quality of RNA was assessed using a fragment analyzer at the JHU TSC.

Purified total RNA was submitted to the JHU TSC for library preparation and sequencing. RNA was converted into total RNA libraries using Illumina TruSeq Stranded Total RNA Library Prep Kit (Illumina, Cat # 20020597). RNA library quality, size, and concentration were assessed using a fragment analyzer at the JHU TSC. Libraries were pooled to 2nM and sequenced in a single run on a NextSeq 500 instrument by single-end sequencing to a depth of approximately 50 million reads per sample with a read length of 75 base pairs. Reads were aligned using the Hisat2, Stringtie, Ballgown pipeline described previously (22). Differential expression was assessed using the DESeq2 package in R. Benjamini Hochberg correction was used.



DNA Isolation, Whole Genome Bisulfite Sequencing Library Prep, Sequencing, and Analysis

Genomic DNA from MDMs infected at an MOI of 10 for 48 hours was isolated in parallel with total RNA from identical samples using the Qiagen AllPrep DNA/RNA Mini Kit (Qiagen, Cat# 80204). Purified DNA was submitted to the JHU TSC and sent to Novogene Co., Ltd. for quality control check, bisulfite conversion, library preparation, whole genome bisulfite sequencing (WGBS), and preliminary analysis. DNA was fragmented with a Covaris S220 to generate fragments of 200-300bp in length. Adapter ligation and library preparation was performed using the EZ DNA Methylation Gold Kit (Zymo Research, Cat # D5005). Quality control was performed using a Qubit2.0 and Aligent 2100 bioanalyzer and samples were pooled to a concentration of 2nM. Libraries were sequenced on an Illumina HiSeq platform using paired-end sequencing. The data analysis pipeline involved alignment to the Ensemble Homo sapiens reference genome version GRCH83 release 92 and quantification using Bismark (23). Analysis of differentially methylated regions (DMRs) was performed using DSS (24–26). Gene ontology enrichment analysis of DMRs was done using GOseq (27). Integration with sRNA-seq and RNA-seq was performed in R.




Results


miRNAs in Primary Human MDMs Are Dysregulated by Mtb Infection

To investigate Mtb-driven changes in miRNA expression of primary human macrophages, we isolated MDMs from healthy donors and infected them ex vivo with Mtb strain H37Rv-lux, which produces a bioluminescent signal that serves as a real-time immediate measure of bacterial burden (15). At each time point (24 or 48 hours post-infection (h.p.i.)), cells were assessed for viability and bacterial burden. Through 48 hours of infection, there were no significant changes in MDM viability whereas Mtb burden increased with both time post-infection and MOI, suggestive of a productive infection (data previously shown) (18). RNA from matched wells was harvested for library prep and sRNA-seq (Supplemental Figure 1).

Consistent with the published literature in cell lines (14), we found that some miRNAs in primary human MDMs were significantly dysregulated following infection with virulent Mtb (Figure 1 and Supplemental Table 1). Additionally, we found that the number of dysregulated miRNAs and the magnitude of dysregulation increased both with time post-infection and MOI, suggesting that miRNA dysregulation increases with severity of infection. In the mildest infection condition (MOI= 5 at 24 h.p.i.), there were only two miRNAs which were significantly dysregulated. In contrast, 22 miRNAs were significantly differentially regulated at 48 h.p.i. At MOI= 10, the number of dysregulated miRNAs increased from 13 at 24 hours to 23 at 48 h.p.i. (Figure 1, Volcano plots and Table 1). We did not find any differences in miRNA expression in uninfected MDM controls between the 24 and 48 hour time points, suggesting there is little baseline variability in uninfected controls. As expected, considering all infection conditions together, we found that some miRNAs were significantly differently expressed at 48 hours compared to 24 hours (Supplemental Figure 2).




Figure 1 | miRNA dysregulation increases with time post-infection and MOI. Volcano plots of differentially expressed miRNAs in each condition. n = 4 independent human donors. Red lines represent significance thresholds, red numbers represent total number of significantly DE miRNAs. Bar plots to the right of each volcano plot show the most significantly dysregulated miRNA for that condition. Bar plot y-axis shows normalized read counts.




Table 1 | Significantly downregulated and upregulated miRNAs for each condition.



Next, we examined which miRNAs were most significantly dysregulated in each infection condition. miR-155-5p was consistently and significantly upregulated in both the least (MOI of 5, 24 h.p.i.) and most severe (MOI of 10, 48 h.p.i.) conditions (Figure 1, Bar plots). miR-155-5p was also significantly upregulated at MOI= 5/48 h.p.i., although not as significantly as miR-423-5p. miR-1307-3p, the most significantly dysregulated miRNA at MOI= 10/24 h.p.i. was also upregulated, although it was not significantly dysregulated in other conditions.

Taken together, these results suggest that the degree of miRNA dysregulation is driven by severity of Mtb infection and that miRNAs which are dysregulated in more than one condition, such as miR-155-5p, may be important regulators of the macrophage response to Mtb.



Bioinformatic Analysis and Literature Review Identified 10 Candidate miRNAs for Further Analysis

In order to gain a deeper understanding of how dysregulated miRNAs may be altering the macrophage response to infection with Mtb, we developed the following set of criteria for prioritizing miRNAs for further study: 1) dysregulation of the miRNA must be significant in more than one of the four infection conditions, and must be consistently dysregulated in the same direction (i.e., consistently up or down regulated); 2) dysregulation of the miRNA must trend with MOI or time post-infection; 3) the miRNA itself must be known to be abundant in human macrophages (as determined by MiRgeneDB (28); 4) known, experimentally validated, targets of the miRNA must also be abundant in human macrophages (as determined by The Human Protein Atlas (29) to ensure stoichiometric probability of miRNA-target interaction in our cell type of interest); and 5) miRNAs which have been previously described as being involved in other forms of infectious cell stress are given special consideration as additional positive controls (Figure 2).




Figure 2 | Selection of miRNA candidates for pathway analysis. NGS analysis and literature review led to selection of 10 candidate miRNAs and their respective targets. Left) Selection criteria for candidate miRNAs. Right) Venn Diagram showing 20 differentially expressed miRNAs shared between the three conditions in which we observed the most significant miRNA dysregulation (top 3).



From our own sRNA-seq dataset, we identified 6 significantly dysregulated miRNAs fitting our selection criteria. These miRNAs were miR-155-5p, miR-191-3p, miR-22-3p, miR-21-5p, miR-30b-5p, and miR-30c-5p. Due to their high degree of sequence similarity, miR-30b-5p and miR-30c-5p are combined for sequencing alignment in miRge2.0. However, as they have some distinct gene targets, for integrated network analysis, miR-30b-5p and miR-30c-5p were separated and analyzed as distinct entities. We added 4 additional literature-identified candidate miRNAs based on criterion #5, which we included given that they are known to be involved in altering cellular responses during infection: miR-223-5 (10), miR-29a-3p (9), miR-27a-3p (11), miR-125b-5p (12). These additional four candidate miRNAs were each dysregulated in a consistent direction in more than one condition, but did not meet our conservative thresholds for significance (log2(fold-change) > 1; adjusted p-value < 0.01). These 10 miRNAs became candidates for further functional pathway analysis (Table 2).


Table 2 | List of candidate miRNAs to be used for further analysis.





Many mRNAs Dysregulated in Mtb-Infected MDMs Are Targets of Candidate miRNAs

To assess dysregulation of host cell pathways at the mRNA level, we performed RNA-seq of total RNA extracted from uninfected MDMs and MDMs infected at an MOI of 10 for 48 hours. A total of 815 mRNAs were significantly dysregulated in Mtb infection (log2(fold-change) > 1; adjusted p-value < 0.05) (Figure 3A and Supplemental Table 2). Gene Ontology Biological Process (GO : BP) functional enrichment analysis showed that, as expected, the most significantly dysregulated processes associated with the 815 differentially expressed genes included leukocyte activation, coordination of immune signaling and response cascades, exocytosis, apoptosis, and fatty acid and lipid metabolism (Supplemental Table 3). Each of these functions play key roles in clearance of Mtb infection (3, 4, 6, 30–32). We compared these significantly dysregulated genes to a comprehensive list of all 3044 known targets of the 10 candidate miRNAs (via miRTarBase v8.0) (20) to generate a profile of 158 genes which are both targeted by at least one candidate miRNA and significantly dysregulated in our RNA-seq dataset (Figure 3B). The number of dysregulated genes that were also targets of at least one candidate miRNA ranged between miRNA candidates. For instance, miR-155-5p had the most, with 54 target genes that were dysregulated during Mtb infection, while miR-191-3p only had two (Figure 3B). All miRNA candidates had at least two significantly dysregulated gene targets.




Figure 3 | Association of significantly dysregulated miRNAs with differentially expressed cognate mRNAs during Mtb infection of human MDMs. (A) Volcano plot showing all differentially expressed mRNAs during Mtb infection. n = 4 independent human donors. Red lines represent significance thresholds, red number represent total number of significantly DE mRNAs. (B) Interaction map showing network of candidate miRNAs and their respective targets. Square nodes represent each candidate miRNA (labeled). Circular nodes and points represent differentially expressed gene targets (targets identified by miRTarBase v8.0 and miRNet). Numbers in parentheses beside each miRNA label represent the number of gene targets that are also significantly dysregulated in the RNAseq results. Each miRNA node is uniquely color-coded. Edges that extend between miRNA nodes and gene and gene target nodes are coded to the same color of their respective miRNA regulator.



We found that 119 out of the 158 dysregulated target genes were downregulated (75.3%), however, each miRNA had both down and upregulated targets in Mtb infection, suggesting direct and indirect regulation (Figure 3B). It is likely that those genes which are dysregulated in the opposite direction of their associated miRNA are more likely to be targeted by that miRNA during Mtb infection (33). To determine if the genes dysregulated in our RNA-seq dataset were enriched for candidate miRNA targets, we performed a Chi-square analysis with Yates correction using a two by two contingency table. We found that the set of 815 differentially expressed genes is enriched for targets of our 10 miRNAs of interest (X2 = 14.86, z = 3.86, p = 0.0001), suggesting that it is unlikely that dysregulation of miRNA candidate genes would occur solely due to random chance (Supplemental Table 4). Odds ratio calculation shows that it is 1.42 times more likely for dysregulated mRNAs to be candidate miRNA targets compared to non-targets.



Functional Enrichment Analysis for Significantly Dysregulated miRNA Targets

To investigate which host cell response pathways are associated with our observed networks of miRNA-target regulation, we used the set of genes targeted by each candidate miRNA, independently, and performed functional enrichment analysis and miRNA association validation. Using gprofiler2 in R, we searched for GO : BP that were significantly associated with the dysregulated target genes for each candidate miRNA. Six candidate miRNAs were associated with biological processes critical for defense against Mtb infection (Figure 4). Specifically, 18 significantly dysregulated genes targeted by miR-155-5p were associated with activation of various immune cells (primarily those in myeloid cell lineages), 16 were associated with exocytosis and secretion, and 15 were involved in regulation of lipid metabolism. miR-125b-5p, miR-27a-3p, and miR-22-3p targets were primarily involved in regulation of metabolism and lipid processing, where 23 differentially expressed gene targets were involved in these processes. Specific processes included glucose metabolism, macromolecule biosynthesis, and fatty acid oxidation. miR-125b-5p also had 11 differentially expressed targets involved in protein and small molecule transport and subcellular localization. Nine targets of miR-30c-5p were involved in regulation of exocytosis and secretion and 7 targets of miR-29a-3p were associated with regulation of blood vessel development and regulation of angiogenesis. The significantly dysregulated target genes for miR-223-5p, miR-191-3p, miR-30b-5p, and miR-21-5p did not significantly associate with any particular GO : BP functional group. Each list of target genes was most significantly associated with the miRNA regulator we had matched it to in our network analysis, giving further support to the relationship between each miRNA and its corresponding target list.




Figure 4 | Pathway analysis for significantly dysregulated targets of candidate miRNAs. Each shows gprofiler2 (g:OSt) results for a miRNA candidate. g:OSt was used to analyze the association of each miRNAs target genes with Gene Ontology biological processes functional groups (GO : BP). All significant GO : BP associations are reported. miRNAs which do not have GO : BP results listed did not have significant associations with any GO : BP functional group. g:OSt MIRNA was used to determine which miRNA is most significantly associated with each list of dysregulated targets. The top miRNA hit for each is reported.



Though these results show that many differentially expressed targets of our 10 candidate miRNAs are involved in regulation of key macrophage processes relevant to the defense against Mtb infection, it is likely that they are also regulated by other factors, such as DNA methylation.



Expression of Immune Cell Pathway Genes Is Also Influenced by Remodeling of Methylation

A critical mechanism for pre-transcriptional regulation of immune cell function involves alternation of methylation patterns that may increase or decrease transcriptional machinery access to different gene regions (34). Evidence suggests that Mtb alters epigenetic markers, such as methylation of promoter regions, to alter gene expression in host cells (35). However, these methylation changes have not been assessed at a genome-wide scale in Mtb-infected primary macrophages. Furthermore, miRNA expression may also be affected by epigenetic changes and it remains to be determined how miRNAs and methylation may work together to co-regulate important macrophage signaling pathways. Therefore, we hypothesized that Mtb reprograms the macrophage response by integrating pre-transcriptional regulation via methylation and post-transcriptional regulation via miRNAs of the same pathways. We also posited that changes in candidate miRNA expression may be due to differences in methylation of miRNA promoter regions. To test this, we performed whole genome next-generation bisulfite sequencing (WGBS) on the same Mtb-infected primary human MDMs used for RNA-seq analysis (Figure 3). We then analyzed our WGBS, RNA-seq and sRNA-seq datasets to identify intersecting networks between these regulatory systems.

We found that differential methylation of CG sites (DMRs, length > 50bp, target site inside DMR ≥ 3CG, p < 1x10-5) were evenly distributed across chromosomes and that more DMRs were hypomethylated rather than hypermethylated (Figures 5A, B and Supplemental Table 5). We also found that differential methylation patterns were most common within introns, followed by promoter regions and exons (Figure 5B). A growing body of evidence suggests that methylation changes in non-promoter regions are relevant to epigenetic regulation of gene expression. Previously, methylation of introns was thought to serve little function, but has recently been shown to exhibit an inverse relationship with gene expression and may be implicated in progression of cancer (36, 37). Functional enrichment GO : BP analysis revealed that hypermethylated CG DMRs were most associated with pathways involved in immune cell activation, while hypomethylated DMRs were most associated with alteration of positive regulation of metabolic processes (Figure 5C). We then compared the set of genes we found to have differentially methylated CG regions to the differentially expressed genes identified by our RNA-seq study (Figures 3, 5D). Importantly, among the upregulated genes, there were more hypomethylated genes (19) compared to hypermethylated genes (8). Similarly, we found that more downregulated genes were hypermethylated (99) rather than hypomethylated (82) (Figure 5D). Chi-square analysis revealed that upregulated genes were not statistically enriched for hypomethylated DMRs (p = 0.08) and that downregulated genes were significantly less likely to be hypermethylated compared to no methylation change (p = 0.0002), suggesting that differential methylation alone is not sufficient to explain differences in mRNA expression, and that other regulatory systems, such as miRNAs, are likely to contribute to overall changes in gene expression. Differential methylation of candidate miRNA-associated gene regions was found for miR-125b, though the differences in methylation were not significant, suggesting that miRNAs and methylation changes are acting largely independently in regulating mRNA expression.




Figure 5 | Genome wide differential CG methylation patterns show enrichment for genes associated with immune activation and metabolic processing. (A) Genome wide chromosomal alignment of hypo (blue) and hyper (red) methylated CG sites in Mtb-infected MDMs. (B) Distribution of hypo and hypermethylated CGs (DMRs) over each genetic element. (C) Functional enrichment gene ontology biological process (GO : BP) analysis for all differentially methylated CGs. -Log10(adjusted p-value) values are reported to the right of each bar. GO : BP terms associated with hypermethylated CG DMRs are highlighted in red. Terms associated with hypomethylated CG DMRs are highlighted in blue. (D) Total number of up and downregulated genes from RNA sequencing results (Figure 6) with overlay of genes that are also hypo or hypermethylated. Number in each color coded segment represents total number of genes with a specific expression and methylation state. Number above each bar represents total up or downregulated genes. n=4. MDMs were infected with Mtb H37Rv for 48 hours at MOI= 10.



To select only genes which may be directly influenced by changes in DNA methylation, we identified genes that were both differentially expressed and divergently methylated. We next sought to determine which macrophage functions may be influenced by alterations in expression of genes with differential methylation. We found that differentially methylated genes that were also differentially expressed in either direction were associated with regulation of immune cell activation and exocytosis (Figure 6A). We then sought to determine if any genes that were divergently methylated and differentially expressed were also targets of any of the previously identified candidate miRNAs. We found 26 genes that were divergently methylated, differentially expressed, and targeted by at least one candidate miRNA (Figure 6B).




Figure 6 | Genes that are both differentially methylated and differentially expressed are involved in immune cell functioning and are subject to regulation by candidate miRNAs. (A) Genes that were both differentially methylated and differentially expressed were selected and used for gene ontology biological process (GO : BP) functional enrichment analysis. -Log10 (adjusted p-value) value for each GO : BP term is reported to the right of each bar. GO : BP terms related to immune cell activation are highlighted in red. Those related to exocytosis and secretion are highlighted in blue. (B) Genes that were both differentially methylated and differentially expressed were compared to genes that we found to be differentially expressed and targeted by at least one candidate miRNA. Overlap represents the number of genes that are differentially expressed by RNAseq, targets of one or more miRNA candidate, and differentially methylated.



Functional enrichment KEGG analysis of this set of 26 genes revealed a tight association with the AMPK signaling pathway (Figure 7). Three of these 26 genes, CyclinD1 (CCND1, an important regulator of cell proliferation), TBC Domain Family Member 1 (TBC1D1, regulator of cell growth and differentiation), and cluster of differentiation 36 (CD36, involved in antigen processing, cross presentation, and low density lipoprotein binding), are central to the AMPK pathway. CD36 is a target of miR-155-5p, TBC1D1 is a target of miR-125b-5p, and CCND1 is a target of miR-155-5p, miR-223-5p, miR-27a-3p, and miR-29a-3p (38). The AMPK pathway also contains various genes that were differentially methylated alone, and one gene, C-C Motif Chemokine Ligand 22 (MCD, a chemoattractant for various immune cells), that was differentially expressed despite lack of differential methylation or targeting by any candidate miRNA. Chi-square analysis shows that the dysregulation of the AMPK pathway is statistically significant (X2 = 22.43, z = 4.74, p = <0.0001) and unlikely to be due to random chance (Supplemental Table 6). An odds ratio of 3.30 suggests that dysregulated genes are over three times more likely to be involved in the AMPK pathway than unrelated pathways.




Figure 7 | DMRs DEGs and DE miRNA targets intersect at the AMPK signaling pathway. Genes that were differentially methylated, differentially expressed, or targeted by candidate miRNAs were subjected to functional enrichment KEGG analysis. These genes were most significantly associated with the AMPK signaling pathway. Genes which are only differentially methylated are highlighted in cyan. Genes which are only differentially expressed are highlighted in red. Genes which are differentially methylated, differentially expressed, and regulated by one or more miRNA are highlighted in purple. Light green boxes represent other pathway genes that were not found to be significantly in our studies.






Discussion

Taken together, our results show that critical innate immune processes and signaling are influenced by both pre-transcriptional regulation via changes in DNA methylation and post-transcriptional regulation via altered miRNA expression. Application of next generation sRNA-seq allowed us to identify a small profile of candidate miRNAs that are likely to serve a biological function during Mtb infection. By integrating our sRNA-seq data with total RNA-seq, we found that all of our candidate miRNAs have mRNA targets that were also differentially expressed in Mtb-infected cells. These miRNA-targeted differentially expressed genes are involved in various biological processes that are critical for the host defense against Mtb infection. The pathways that are most significantly represented amongst these miRNA-targeted differentially expressed mRNAs included innate immune cell activation, regulation of metabolic and lipid synthesis processes, vasculature development, and intracellular transport, exocytosis, and secretion.

Though this study is the first to integrate multiple next-generation sequencing-based analyses of miRNAs, mRNAs, and methylation in primary human MDMs infected with Mtb, previous studies have investigated each of these components individually and in different models. Consistent with the published literature, we found that miR-155-5p was robustly upregulated. miR-155-5p is one of the most studied miRNAs in TB disease and known to be dysregulated by infection in different systems (39). We found that the dysregulated targets of miR-155-5p are associated with activation of various immune cell types. Disruption of these coordinated pathway cascades may impede the host’s ability to recognize and respond to Mtb infection (5, 6). Existing literature shows that miR-155-5p is involved in regulating cellular immune responses to Mtb, but that it may have both host-beneficial (i.e., increased survival of Mtb-specific T cells) and host-detrimental (i.e., suppression of autophagy) effects depending on when it is expressed and what genes are targeted (40–42).

While miR-125b-5p was not significantly dysregulated in our study, it has been shown to be upregulated by qRT-PCR in previous studies. Previously, miR-125b-5p was found to be upregulated in Mtb infection and upregulation was associated with lower levels of TNF, suggesting suppression of an inflammatory response (12). We found significantly altered expression of miR-125b-5p targets, which are involved in regulation of metabolism, lipid processing, and small molecular transport and subcellular localization. This may suggest that even small changes in miRNA expression that failed to meet our stringent statistical thresholds may still have biological impact. Also, given that gene targets within any pathway can be targeted by multiple miRNAs, there may be redundancies in which more than one miRNA may target different genes within the same pathway, such that the expression change in each individual miRNA may be small, but the combined effects are sufficient to alter the activation of the downstream pathway. This is represented by functional enrichment pathways for miR-125b-5p, miR-27a-3p, and miR-22-3p. These three miRNAs all targeted pathways involved in regulation of metabolism and lipid processing, disruption of which may increase access to nutrients and facilitate Mtb persistence (30, 32, 43).

In line with the likely additive or complimentary effects of multiple non-significantly dysregulated miRNAs that target the same pathways, miR-27a-3p was also not significantly dysregulated, though its dysregulated targets were involved in biosynthetic and metabolic processes, as described above. miR-27a-3p has been shown previously to be involved in increasing production IFNγ, IL-1β, IL-6, and TNFα, which are key cytokines associated with a successful anti-TB response (44) and inhibition of intracellular survival of non-tuberculous mycobacteria (45).

While miR-22-3p is less well characterized in TB models, we found it to be significantly downregulated in Mtb-infected primary MDMs by sRNA-seq. Though this is the first time it has been described in macrophages, miR-22-3p has been found to be differentially abundant in the plasma of TB patients vs. healthy controls and has been considered for inclusion as a potential blood-based TB biomarker (46). More work should be done to investigate the role of miR-22-3p in Mtb infection.

Both miR-30b-5p and miR-30c-5p were significantly downregulated in our study. Like miR-155-5p, the miR-30 family has been implicated in host immunity to TB, given its known role in targeting genes involved in important anti-TB responses, such as autophagy (47). While the GO : BP enrichment analysis of differentially expressed miR-30c-5p targets showed significant involvement in exocytosis and secretion, which are important for cell-to-cell signaling, the miR-30b-5p and miR-30c-5p target, IL-1α, was significantly upregulated and is known to induce autophagy in macrophages (48, 49). Taken together, these findings suggest that downregulation of miR-30c-5p and miR-30b-5p in Mtb infection may reflect the macrophage’s effort to induce autophagy and cell-to-cell communication via exocytosis.

miR-29a-3p was included in our studies, as it has been found previously to be dysregulated in human MDMs infected with Mycobacterium avium by qPCR and was shown to target caspase 7, which is involved in apoptosis (50). While we did not observe significant dysregulation of miR-29a-3p in Mtb-infected primary human MDMs by sRNA-seq, targets of miR-29a-3p, including those involved in angiogenesis, which is a critical process involved in the formation of granulomas and nutrient acquisition in Mtb infection (31, 51, 52), were significantly differentially regulated. The lack of dysregulation of miR-29a-3p expression in our study may suggest that dysregulation of angiogenesis may be mediated via altered macrophage responses, but occur independently of miR-29a-3p. This may be an important relationship to pursue in more complex animal models in which blood vessel formation may influence granuloma formation and dissemination of disease.

We found dysregulation of miR-191-3p, which has not yet been well-characterized in TB disease, though there were only two differentially expressed target genes, which did not associate with a specific biological process. Nonetheless, miR-191-3p has been implicated in other disease states and may warrant further study (53).

Unlike previous studies, we found that miR-21-5p was significantly downregulated in Mtb-infected MDMs. Earlier studies have shown upregulation of miR-21-5p in Mtb-infected murine RAW264.7 cells and human THP1 cells, which are both cancer-derived macrophage cell lines. Induction of miR-21-5p expression was associated with increased Mtb survival and reduced production of inflammatory cytokines, such as IL-1β, IL-6, and TNFα (54). Conversely, we found that miR-21-5p was downregulated while its target, IL-1β, was significantly upregulated. This suggests that compared to the cancerous cell lines, primary MDMs may generate more pro-inflammatory cytokines through downregulation of miR-21-5p.

We included miR-223-5p in our analyses based on previous literature, which has shown increased susceptibility of miR-223-5p knock out mice to TB (10). In our study, we did not find miR-223-5p to be significantly dysregulated or a significant pathway association for the differentially expressed miR-223-5p target genes. This could indicate differences in the roles of this miRNA between model systems, such that changes in miR-223-5p expression are more important in non-macrophage cell types that are present in vivo. For instance, increased susceptibility of miR-223-5p knock out mice to TB disease is associated with robust neutrophil-mediated lung inflammation, which suggests that neutrophils may be critical for mediating the effects of miR-223-5p expression changes (10). It may also indicate that changes in miR-223-5p expression must be quite large in order to have a biological effect.

Analysis of genome wide methylation changes in Mtb-infected cells by WGBS showed no significant methylation of promoter or gene regions of candidate miRNAs, suggesting that changes in the expression of miRNAs is likely to occur in a methylation-independent manner. On the other hand, various differentially expressed genes were also found to be differentially methylated by WGBS following Mtb infection in macrophages. Like differentially expressed genes targeted by the 10 miRNA candidates, macrophage genes that were both differentially expressed and divergently methylated following Mtb infection were involved in various pathways important for anti-Mtb responses. Importantly, hypermethylated genes appeared to be involved in driving activation of innate and adaptive immune cells. This suggests that one mechanism by which Mtb may suppress immune activation is by increasing methylation of genes involved in related pathways in infected macrophages. Alternatively, hypomethylated genes were most significantly associated with the positive regulation of metabolic processes, which may underlie the ability of Mtb to alter macrophage metabolic processes to increase access to nutrient sources and promote bacterial growth and survival.

Finally, integration of sRNA-seq and RNA-seq data with WGBS showed that processes affected by changes in miRNA and mRNA expression are also divergently methylated. Most DMRs were hypomethylated, which may indicate the macrophage’s effort to open chromatin to allow for rapid changes in transcriptional reprogramming during infection. Interestingly, in line with our miRNA and mRNA data, hypermethylation was associated with suppression of immune cell activation, while hypomethylation was associated with enhanced macrophage metabolism. Together, these opposing effects may reflect the generation of an environment in which intracellular bacilli are shielded from immune-mediated killing and able to access metabolic resources required for growth and survival within the host.

Genes that were differentially expressed, divergently methylated, and targeted by at least one miRNA of interest were significantly associated with the AMPK signaling pathway, which is central to various cellular processes that shape the response to Mtb infection, including regulation of autophagy, fatty acid biosynthesis, glucose metabolism, and cell proliferation (55). This pathway is of particular importance given that AMPK-targeting host-directed therapies, such as metformin, have been shown to promote Mtb killing in macrophages and in lungs of Mtb-infected mice (56) and to improve mortality when included in treatment regimens for TB patients with diabetes mellitus (57).

Our data, combined with findings from previous literature, suggest that miRNAs are multifunctional in that they may target multiple genes from redundant and complimentary pathways. Additionally, multiple miRNAs may co-regulate the same targets or pathways, which indicates that even small changes in a group of miRNAs may be biologically relevant. Additionally, alternate forms of gene regulation, including DNA methylation changes, also control miRNA-targeted pathways during Mtb infection of macrophages. This emphasizes the complexity of regulation of host responses and shows that the overall response of the macrophage is shaped by multiple contributing factors that must coordinate with one another in order to generate the appropriate response required to eliminate infection. While reductionist evaluations of these regulatory elements are powerful for determining specific targets, to understand how they shape disease outcome, they must also be While reductionist evaluations of these regulatory elements are powerful for determining specific targets, to understand how they shape disease outcome, they must also be studied in the context of broader regulatory networks.

These large scale transcriptomic and methylomic studies are descriptive by nature. This study is not intended to investigate the impact of specific dysregulated elements on overall outcome of Mtb infection, but rather to provide an unbiased, global analysis of the complex network of macrophage transcriptional regulation, and to provide a road map for future studies exploring the relationship between pre-transcriptional DNA methylation and post-transcriptional miRNA regulatory mechanisms. Additional work should focus on targeted analysis of candidate miRNA-differentially expressed gene target pairs and genes which are both differentially methylated and differentially expressed. Additionally, further analysis of changes in miRNA expression and methylation, particularly related to the activation of the AMPK pathway, should be examined in vivo. Overall, these studies show that dysregulation of methylation and miRNA candidate target genes centers on suppression of immune activation. Understanding how to restore the balance of these elements may have implications for altering outcome of Mtb infection in macrophages, particularly in the context of developing host-directed therapies which target AMPK signaling and other key regulatory pathways.
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Supplementary Table 6 | Contingency table for enrichment of AMPK pathway dysregulation. Chi-square analysis with Yates correction to determine if dysregulated genes (differentially methylated or expressed) are statistically enriched for AMPK pathway genes. Total number of AMPK Pathway Genes was based on KEGG pathway. Total number of genes was based on total genes detected by RNA-seq. Genes with low reads (sum across all samples less than 10 reads) were filtered out prior to analysis.
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Mycobacterium tuberculosis (Mtb), the etiological agent of tuberculosis, kills 1.5 to 1.7 million people every year. Macrophages are Mtb’s main host cells and their inflammatory response is an essential component of the host defense against Mtb. However, Mtb is able to circumvent the macrophages’ defenses by triggering an inappropriate inflammatory response. The ability of Mtb to hinder phagolysosome maturation and acidification, and to escape the phagosome into the cytosol, is closely linked to its virulence. The modulation of the host inflammatory response relies on Mtb virulence factors, but remains poorly studied. Understanding macrophage interactions with Mtb is crucial to develop strategies to control tuberculosis. The present study aims to determine the inflammatory response transcriptome and miRNome of human macrophages infected with the virulent H37Rv Mtb strain, to identify macrophage genetic networks specifically modulated by Mtb virulence. Using human macrophages infected with two different live strains of mycobacteria (live or heat-inactivated Mtb H37Rv and M. marinum), we quantified and analyzed 184 inflammatory mRNAs and 765 micro(mi)RNAs. Transcripts and miRNAs differently modulated by H37Rv in comparison with the two other conditions were analyzed using in silico approaches. We identified 30 host inflammatory response genes and 37 miRNAs specific for H37Rv virulence, and highlight evidence suggesting that Mtb intracellular-linked virulence depends on the inhibition of IL-1β-dependent pro-inflammatory response, the repression of apoptosis and the delay of the recruitment and activation of adaptive immune cells. Our findings provide new potential targets for the development of macrophage-based therapeutic strategies against TB.
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Introduction

Tuberculosis is one of the top 10 causes of death (1) and, right after COVID-19 (2), is the world’s deadliest infection caused by a single infectious agent: Mycobacterium tuberculosis (Mtb) (3). Mtb is responsible for 1.5 to 1.7 million deaths each year, but unlike COVID-19, is more prevalent in low and middle income countries (4). Active tuberculosis infection (ATBI) is characterized by replicating and metabolically active bacteria and causes severe lung lesions while latent tuberculosis infection (LTBI) remains asymptomatic. Seventy percent of newly infected individuals efficiently clear the bacteria. However, for the remaining 30%, the immune system is only able to contain, but not to eradicate the bacteria (5). These people develop LTBI that can persist for their entire lifetime (6). However, approximately 5 to 10% of LTBIs evolve into ATBIs when the immune system is no longer able to constrain Mtb (5). The ability of Mtb to persist for so long in the host is due to its ability to hijack host defense mechanisms by converting macrophages into a permissive cellular niche (7, 8).

Macrophages are first-line antimicrobial cells in our body. They play a key role during Mtb infection by triggering an arsenal of immune responses (7). Macrophages are the most abundant cell type within the site of infection and represent the primary host cells for Mtb (9). Depending on the polarization of their immune response, macrophages ability to fight Mtb differs. Classically activated (M1-like) macrophages trigger a Th1 pro-inflammatory response and help to eliminate the bacteria. Alternatively, activated (M2-like) macrophages trigger a Th2 anti-inflammatory response and become long term hosts (10–13). Many studies describe a strong pro-inflammatory response promoting M1-like polarization, immediately after Mtb infection, followed later by a shift to an anti-inflammatory response and M2-like polarization (14–17). However, pro-inflammatory mechanisms do not always kill the bacteria and anti-inflammatory mechanisms are not always protective for the host. Inability to orchestrate a protective inflammatory response leads to poor clinical outcome (9). This might be the reason why innate immunity is often related to genetic susceptibility to tuberculosis (18–20) and why cytokine signaling and inflammation pathways are found to be the most induced processes during the infection (21, 22). MicroRNAs (miRNAs) are critical regulators of the fine-tuning of cytokine signaling, macrophage polarization, and inflammation. They are small endogenous non-coding RNA molecules, acting mainly as post-transcriptional repressors by targeting mRNAs on their 3’UTR (23–27). Several studies have explored the roles of host miRNAs in tuberculosis and showed that Mtb infection modifies the miRNome of macrophages (28–31). Mtb might thus influence the macrophage inflammatory response by modulating their miRNAs expression.

Mtb encompasses a group of genetically related species (named the Mtb complex) that are highly contagious airborne mycobacterial strains and can cause tuberculosis in humans (32). Mycobacterium (M.) marinum is one of the most closely related mycobacterium species to the Mtb complex and a commonly used pertinent intracellular infection model. Indeed, both thrive in the same macrophage compartments (33) and their survival in the immature phagosome is made possible through pathogen-dependent inhibition of phagosome-lysosome fusion. Then, both Mtb and M. marinum use the ESX-1 secretion system to escape the phagosome into the cytosol and thus to circumvent macrophage defenses (34–39). Cutaneous lesions caused either by Mtb or M. marinum form similar granulomas in humans (40), suggesting that they trigger comparable immune responses. The M. marinum ESX-1 system however confers reduced virulence, compared to that of Mtb (41), and human granulomatous lesions are less severe than those caused by Mtb infection (42). This suggests that phagosome escape is not the only cause of mycobacterial virulence. After phagosomal escape, Mtb must be able to reprogram macrophages’ defenses in a way that favors its virulence in humans in a more effective way than M. marinum.

Recent studies have indicated that genetic diversity within the Mtb complex can influence host inflammatory response to infection and during tuberculosis disease (43). Because Mtb strains that diminish protective cytokine secretion show enhanced virulence (44, 45), the present study aims at identifying how the virulent Mtb strain H37Rv specifically reprograms the inflammatory transcriptome and related miRNAs of macrophages in comparison with less virulent Mtb strains. compared with M. marinum. We thus compared macrophages’ inflammatory transcriptomes following infection with either the virulent Mtb strain H37Rv, M. marinum or the heat killed avirulent H37Ra strain (HKMT). M. marinum infection was used to filter the response specific for H37Rv with a less, yet virulent mycobacterial strain, which is also able to escape the phagosome and to trigger a cytosolic immune response. We used HKMT infection as a way to focus on both post-phagocytosic changes and to identify changes related to human-specific pathogen recognition. Indeed, in contrast to H37Rv, macrophages successfully eliminate HKMT in their phagolysosomes (46). As a macrophage model, we used PMA-differentiated THP-1 cells since they display similar properties compared to human monocyte-derived macrophages during Mtb infection (47). We identified an H37Rv-specific signature of inflammatory genes. We also identified a miRNA-based signature following H37Rv infection and provide potential mRNA/miRNA circuits related to H37Rv virulence in the context of the macrophage inflammatory response.



Materials and Methods


Mycobacterial Strains and Cultures

We used fluorescent H37Rv and M. marinum strains that were both obtained as a kind gift from IPBS, Toulouse. H37Rv and M. marinum cultures were grown at 37°C or 33°C, respectively, and 5% CO2 in Middlebrook 7H9 broth supplemented with 10% Middlebrook Oleic Albumin Dextrose Catalase (Difco, Livonia, MI). Cultures were grown to a mid-log phase (optical density 600 [OD600] of 0.6), then frozen with 10% glycerol at −80°C in 1.5 ml aliquots prior to infection. Heat inactivated H37Ra (HKMT) was purchased from Invivogen.



Cell Cultures

The human monocytic cell line THP-1 cells (TIB-202) were purchased from ATCC. Cells were cultured in 24 well plates (Corning) and differentiated into THP-1 derived macrophages 24 hours prior to infection with 40 ng/mL phorbol 12-myristate 13-acetate (PMA) in RPMI 1640 Medium GlutaMAX™ Supplement (Gibco) at 37°C and 5% CO2. Experiments were realized within 15 passages and cell viability was measured before experiments by trypan blue exclusion and was greater than 97%. CD14+ primary human monocytes were extracted from peripheral blood of 5 healthy donors anonymously provided by the French Blood Establishment (EFS, Lyon). CD14+ monocytes were purified from whole blood using an autoMACS® Pro Separator, Whole Blood Column Kit and StraightFrom® Whole Blood CD14 MicroBeads (Mitenyi) according to the manufacturer’s instructions. Cell viability was measured before proceeding to macrophage differentiation, by trypan blue exclusion and was always greater than 80%. CD14+ monocytes were then plated in 24 well plates (Corning) at a density of 400 000 cells per well and differentiated into macrophages for 5 days prior to infection with 50 µg/ml Rh-GMCSF (Miltenyi) in RPMI 1640 Medium GlutaMAX™ Supplement (Gibco) with 10% FBS (Sigma-Aldrich) at 37°C, 5% CO2.



Infections

Macrophages were infected with H37Rv or M. marinum at a multiplicity of infection (MOI) of 1:1 for 1 hour and at an MOI of 4: 1 for 3 hours, respectively, in RPMI 1640 medium GlutaMAX™ Supplement with 10% HiFBS. Macrophages stimulation with HKMT was performed with 50 µg/ml of HKMT for 3 hours in RPMI 1640 medium GlutaMAX™ Supplement with 10% HiFBS. Cells were then rinsed with phosphate buffered saline (PBS) to remove extracellular mycobacteria and further cultured in RPMI 1640 medium GlutaMAX™ Supplement with 10% HiFBS for 48 hours before RNA extraction. Uninfected cells were handled in the same conditions as infected cells and served as controls.



Gene and miRNA Profiling

Total RNA including miRNAs was extracted 2 days post-infection. Briefly, to protect RNA from degradation, macrophages were rinsed with PBS, then scraped with Maxwell® RSC miRNA Tissue Kit homogenization solution/thioglycerol (50/1) (Promega). Followed 10 min of incubation with Maxwell® RSC miRNA Tissue Kit lysis buffer (Promega), cells and bacteria were lysed by bead beating into Matrix B tubes containing silica beads (MP Biomedical) with the Super-Fast Prep-1 instrument (MP Biomedical). Finally, samples were processed into a Maxwell® RSC instrument for RNA extraction. RNA concentration was measured with QIAxpert System (Qiagen) and RNA integrity was evaluated by automated electrophoresis with TapeStation Systems (Agilent). Reverse transcription of total mRNA or miRNAs were performed with 500 ng total RNA using SuperScript™ IV VILO™ Master Mix or a Taqman™ microRNA Reverse Transcription kit (Applied Biosystems), respectively. qPCR amplifications were run with a QuantStudio™ 12K Flex system (Applied Biosystems) and using a customized TaqMan® Array (Table S1 in Supplementary Material) for mRNAs and the TaqMan® Array Human MicroRNA Card Set v3.0 dispatched in two pools: highly characterized miRNAs (pool A) and more recently discovered miRNAs (pool B) (Applied Biosystems) for miRNAs, according to the manufacturer’s instructions.



Data and Statistical Analysis

The data was analyzed using the ThermoFisher Connect™ online application (ThermoFisher). The mRNA content relative to the secreted proteins was normalized to GAPDH and GUSB expression, that of the receptors was normalized to GAPDH and TBP expressions and miRNA content was normalized using the global normalization method. Then, relative expression and expression fold changes were calculated following the ΔCt and 2ΔΔCt methods, respectively. Briefly: ΔCt = Ctgene – Ctendogenous control and ΔΔCt = ΔCt treated sample – ΔCt untreated control. Heatmaps and principal components analysis (PCA) were generated with Clustvis online software (48). All miRNA and gene Taqman Low Density Array data are available from the ncbi database: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165327. Genes and miRNAs interactions were further explored with the Ingenuity Systems™ Pathways Analysis (IPA) tool (http://www.ingenuity.com). We used GraphPad Prism 8 for statistical analysis. Student’s t-test was used on ΔCt to compare treated samples to their controls and on ΔΔCt to compare H37Rv-infected PMA differentiated THP-1 to H37Rv-infected CD14+ (monocyte-derived macrophages) MDM responses. ANOVA with multiple comparisons were used on ΔΔCt to compare H37Rv-infected macrophages to M. marinum-infected macrophages and to HKMT-stimulated macrophages. PCA and hierarchical or unsupervised clustering were performed using Clustvis online software with the correlation distance method and average linkage. Relative gene expression or gene expression fold changes as indicated were centered and unit variance scaled. Imputation was used for missing value estimation.




Results


Infection With Virulent Mycobacterium tuberculosis Leads to a Specific Deregulation of Macrophage Host Response-Related Genes

To compare the host inflammatory response induced by macrophages upon infection with a virulent or non-virulent mycobacterial strain, we used PMA-differentiated THP-1 cells as a human macrophage model and infected them with either the virulent H37Rv strain, or the occasional human pathogen M. marinum and the avirulent heat killed Mtb (HKMT). In this first attempt to dissect the host response associated with specific Mtb virulence, we decided to use the classical laboratory strain H37Rv as a surrogate for Mtb strains. Using RT-qPCR arrays, the host inflammatory response was evaluated by quantifying the expression level of 184 genes designed to encompass the full landscape of host immune responses (Table S1 in Supplementary Material). Among the 184 mRNAs tested, 98 genes were detectable (Ct values < 32) in THP-1, including 14 interleukins, 11 interleukin receptors, 23 chemokines, 12 chemokine receptors, 6 interferons, 2 interferon receptors, 11 tumor necrosis factor (TNF) superfamily members, 12 TNF receptors and 7 toll-like receptors (Table S2 in Supplementary Material). We used principal component analysis (PCA) and unsupervised hierarchical clustering to visualize the relationships between the three sample groups, based on the expression of these genes. PCA analysis displayed 60.5% of the dataset on the two principal components (Figure 1A), which was representative of the sample distribution. Interestingly, PCA showed that expression profiles obtained with M. marinum infection and HKMT stimulation were similar, as their distribution overlapped, and that both were very different from H37Rv infection. This was confirmed by the unsupervised hierarchical clustering analysis (Figure 1B). H37Rv-infected samples were found further from controls compared to the other two conditions on the PCA and heatmap (Figures 1A, B), showing that infection with H37Rv induced more drastic changes than the other two experimental conditions.




Figure 1 | Infection with H37Rv led to a specific deregulation of macrophage inflammatory response-related genes. Macrophages were infected with H37Rv, M. Marinum or stimulated with HKMT for 48 hours, then total RNA was extracted and the expression levels of 184 host immune response-related genes were quantified using RT-PCR (n = 11 control, n = 3 M. Marinum, n=4 HKMT and H37Rv). For each experiment with the different mycobacterial strains, uninfected macrophages were used as control. Using Clustvis software, hierarchical clustering and principal component analysis were generated for genes, which after PCR had a CT value below 32 (98 genes). (A) Unsupervised PCA representation of the samples distribution depending on their overall relative gene expression following infection with H37Rv, M. marinum and stimulation with HKMT. Imputation was used for missing value estimation. (B) UpSet diagram representing the intersection of the DEGs relative to H37Rv or M. marinum infections or HKMT as compared with uninfected controls. In green: downregulated genes count, in red: upregulated genes count. (C) Unsupervised hierarchical clustering of the samples distribution depending on the overall relative expression of 93 genes following infection with H37Rv, M. marinum or stimulation with HKMT. Imputation was used for missing value estimation and samples were clustered using the correlation distance method and average linkage.



First, we assessed which genes are differentially expressed between uninfected and infected conditions. The UpSet diagram (49) represents the intersection between the three sets of differentially expressed genes (DEGs) from the three infections (Figure 1C). The data indicate that H37Rv infection significantly deregulated 71 DEGs, whereas both other conditions only modulated 48 DEGs. While 36 DEGs were shared between the three conditions, 25 DEGs were specific for H37Rv infection and only 5 and 6 DEGs for M. marinum and HKMT, respectively. Overall, our data showed that H37Rv infection induced greater changes to the host response, with more DEGs and higher fold changes.

Second, to identify how macrophages specifically respond to H37Rv, we compared the expression levels of all DEGs from the three infections (Table 1 and Figure 2A). For each DEG, we considered that the expression was specific for H37Rv infection if the fold change versus M. marinum or HKMT was greater than or equal to 2 and p-value < 0.05. Among the 25 DEGs specific for H37Rv, six genes [CCL17, CCL24, PPBP (CXCL7), CXCR5, CCR9 and TLR7] were significantly deregulated following H37Rv infection only and not in the other two conditions. On the other hand, IL24, IL31RA and TNFSF14 were not significantly deregulated by H37Rv, whereas they were deregulated by HKMT, M. marinum, and both, respectively (Table S2 in Supplementary Material).


Table 1 | H37Rv specific host response gene set.






Figure 2 | Infection with H37Rv led to a specific and significantly different host inflammatory response. (A) THP-1 differentiated into macrophages were infected with H37Rv, M. Marinum or stimulated with HKMT for 48 hours, then total RNA was extracted and the expression level of the 184 host immune response-related genes were quantified using RT-PCR (n = 11 control, n = 3 M.marinum, n=4 HKMT and H37Rv). For each experiment with the different mycobacterial strains, uninfected macrophages were used as control, independently. Using Clustvis software, a supervised hierarchical clustering was generated for the 98 genes with CT value below 32. Supervised hierarchical clustering of macrophage samples distribution depending on the relative expression of genes that were significantly deregulated by H37Rv infection as compared with both M. marinum infection and HKMT stimulation. Statistical analysis was performed on ΔΔCt using ANOVA and multiple comparisons. Imputation was used for missing value estimation. Samples were clustered using the correlation distance method and average linkage. (B, C) THP-1 and CD14+ MDM were infected with H37Rv for 48 hours, then total RNA was extracted and the expression level of the 30 H37Rv-specific host inflammatory response was quantified using RT-PCR (n = 4). Graphs represent gene expression fold change compared to uninfected cells. Statistical analysis was performed on ΔΔCt using Student’s t-test.  *p value < 0.05, **p value < 0.01, ***p value < 0.001.



The majority of the genes that had an expression level specific for H37Rv infection belonged to the common DEGs induced by the three pathogens. Indeed, the H37Rv-specific host response led to a more drastic deregulation of 12 genes by either inducing upregulation of CCR7, IL1R1, TNFRSF9, TNFRSF18, IL1R2, CCL7, IL10, TNFRSF14, CXCL2, CXCL3, CCL2 and IL15RA or inducing downregulation of CCL21. CCR7 and IL23R both ranked as the first and second most upregulated genes, with fold changes equal to 19 and 115 for CCR7, and 50 and 123 for IL23R, respectively. TLR7 and CCL21 were the only two downregulated genes following H37Rv infection with respect to the uninfected controls. In addition, both genes were even more downregulated when comparing infection with H37Rv and with M. marinum or HKMT. CCL21 ranked as the most downregulated gene with a 16-fold downregulation in H37Rv infection as compared with the other two conditions. H37Rv-infection of macrophages did not always lead to extreme expression profiles. Indeed, CXCL11, TNFSF13B, TNFSF10, IL31RA, CXCL9, CXCL10, CCL8 expressions were intermediate, all downregulated as compared with M. marinum infection and upregulated as compared with HKMT stimulation. Overall, the H37Rv-specific host inflammatory response included 30 genes (Figure 2A and Table 1). Finally, we validated this finding in primary human macrophages. Using RT-qPCR, we quantified the expression level of the 30 H37Rv-specific genes in Mtb-infected macrophages differentiated from blood CD14+ monocytes of healthy donors. Results showed that expression levels were comparable between the human THP-1 macrophage cell line and primary macrophages for more than 80% of the genes (Figure 2B). Only 5 out of 30 genes did not show the same variation (Figure 2C). While IL1R2, IL23R, IL1R1, IL-10, and CCL24 were highly upregulated upon infection of THP-1 macrophages, their expression was barely affected upon infection of primary macrophages.



H37Rv Infection Leads to the Modulation of 37 miRNAs

To further decipher virulence-mediated changes in the host response, we performed a global miRNA profiling of H37Rv-infected macrophages (Figure 3, Table 2). Of the 765 human miRNAs analyzed, up to 54.8% were detectable with a CT value < 32. When considering a fold change > 2 and a p-value < 0.05, 37 miRNAs were significantly deregulated following H37Rv infection as compared to the uninfected controls. Quantification of human miRNA expression levels showed that 17 miRNAs were upregulated and 20 were downregulated. As miRNAs belonging to the same family or cluster suggests that they co-regulate the same biological pathway, it seems relevant to highlight that, among the 37 differentially expressed miRNAs, there were two miRNA families: miR-30 family (miR-30a and miR-30b) and miR-181 family (miR-181a-1-3p and miR-181a-2-3p). We also observed that the miR-132/212 cluster was significantly increased. Using a miRNome published dataset of CD14+ isolated from the blood of TB patients (GSE70425), we compared the expression levels of the 37 H37Rv-related miRNAs between Mtb-infected THP-1 and primary CD14+. Results showed that 80% of miRNAs displayed comparable expression levels between both conditions (Figure S1 in Supplementary Material).




Figure 3 | Expression levels of miRNAs significantly deregulated after H37Rv infection. THP-1 differentiated into macrophages were infected with H37Rv for 48 hours (n = 4). After total RNA including small RNA extraction, the expression level quantification of 762 human miRNAs was performed using TaqMan® Array Human MicroRNA Card. Using Clustvis software, a supervised hierarchical analysis of the distribution of macrophage samples based on relative log2 expression of 37 miRNAs significantly modified by H37Rv infection compared to uninfected controls. Statistical analysis was performed on ΔCt using Student’s t test to identify the differently expressed miRNAs compared with uninfected controls. Imputation was used for missing value estimation. Samples were clustered using the correlation distance method and average linkage.




Table 2 | H37Rv mediated miRNA deregulation.





mRNA/miRNA Inflammatory Pathways Specific for H37Rv

To identify predicted target genes and related pathways and to provide experimentally verified information on miRNA-target interactions, we performed an automated text-mining search analysis. The thirty seven miRNAs identified as dysregulated in H37Rv-infected macrophages were examined using miRWalk database (50). We found between 11 and 699 putative target genes for each of the 37 miRNAs. We applied a filter consisting in identifying genes targeted by at least 3 miRNAs and found 320 genes (Table S3 in Supplementary Material). Using the Enrich database (51), gene ontology analysis revealed significant pathways with high Enrich combined score level such as cell cycle, FoxO signaling and P53 pathway with adjusted p-values 3.710-7, 1.110-5 and 6.210-5, respectively (Table S4 in Supplementary Material). Interestingly, we found that 28 genes were targeted by at least five miRNAs (Table S3 in grey color) and almost 70% of them have already been described as involved in Mtb infection (Table S3 in Supplementary Material). The HSPA1B gene, also called HSP72, is targeted by 9 miRNAs, and the two genes LDLR and NUFIP2 are targeted by 7 miRNAs. The integrative analysis of the 30 and 37 H37Rv-specific host inflammatory response genes and miRNAs, respectively, has been carried out to find possible relationships. In this attempt, we used the Ingenuity Pathway Analysis software program, associated with a miRNA target filter analysis, to identify miRNA-target genes and mRNA-mRNA interactions (Figure 4). miR-939-5p, miR-1184, miR-20a-3p, miR-193a-3p, miR-345-p, miR-26b-3p, miR146a-5p, miR-941, miR589-5p, miR-130b-5p, miR-27b-3p, miR-221-3p, miR-744-3p, miR-425-3p, miR-132-3p, miR-181a-1-3p, miR-181a-2-3p, miR-19b-1-5p, miR-30a-5p, miR-1179, miR-455-3p, miR-199b-5p and miR-21-3p, all targeted at least one inflammatory response genes related to Mtb virulence. Together, these 23 miRNAs might regulate 21 of the 34 H37Rv-specific genes: CCL21, CXCL2, CXCL3, CCL8, IL10, PPBP, TNFSF10, CXCL11, TNFSF13B, CXCL9, IL24, CCL17, CXCL10, TNFRSF18, TNFRSF14, TNFRSF9, IL15RA, IL1R1, CCR9, CXCR5 and IL23R. Some miRNAs targeted more than 3 genes and thus might be more involved in the H37Rv-specific host inflammatory response than others. MiR-939-5p, miR-345-5p, miR-130b-5p, miR-425-5p, miR-26b-3p targeted 3 to 4 H37Rv-specific host inflammatory response genes and miR-146a targeted 6 genes. The most targeted H37Rv-specific host inflammatory response genes were CXCL2, CXCL11, CCR9, TNFSF13B, CXCL9 and IL23R. miR-939-5p, miR-1184, miR-345-5p, miR-26b-3p, miR-941, miR-589-5p, miR-130-5p, miR-27b-3p, miR-221-3p, miR-425-3p, miR-181a-1-3p, miR-19b-1-5p, miR-1179, miR-455-3p, miR-119b-5p and miR-181a-2-3p targeted TNFRSF18/TNFRSF14, CXCL2, CCL8/TNFSF13B/CXCR5, CXCL2/CXCL3/TNFRSF9, IL15RA, PPBP, CXCL2/TNFSF10/CCR9, CXCL11/CCR9, CXCL11, CXCL9/CXCR5/IL23R, CXCR5, IL23R, TNFSF13B/CXCL10, CXCL9, IL23R/IL24 and CXCL10 with negative correlations (i.e. downregulated miRNAs correlated to upregulated genes), respectively. Altogether, 61% of the H37Rv-specific host inflammatory response gene set was targeted by 62% of the H37Rv deregulated miRNAs.




Figure 4 | miRNA-mRNA networks generated with Ingenuity Pathway Analysis (IPA) for H37Rv-infected human macrophages. IPA analysis was performed to investigate the connection between the 30 and 37 H37Rv-specific host inflammatory response gene set and miRNAs, respectively. Filters were set to only include experimentally observed or high-confidence-predicted miRNA-mRNA interaction partners. Genes and miRNAs were colored in red or green depending on whether they were upregulated or downregulated (respectively) with respect to their uninfected controls and the shading intensity shows to what degree each miRNA or gene was deregulated. Direct and indirect miRNA-gene interactions are represented with a solid and dotted lines, respectively.






Discussion

Macrophages are the primary host for Mtb and their inflammatory response is critical for the infection outcome (9). Although Mtb and M. marinum can both circumvent the phagolysosome fusion and escape to the cytosol, Mtb remains more virulent than M. marinum in humans. We hypothesized that Mtb virulence is enhanced by its capacity to alter the host inflammatory response. We sought to identify H37Rv-specific mRNA and miRNA genes, to identify pathways of the macrophage inflammatory response that might be related to Mtb virulence. As a model for human macrophages, we used the PMA-differentiated THP-1 cell line (47) to compare the transcriptomic changes induced in the inflammatory response by either H37Rv, M. marinum or HKMT. We identified 30 genes and 37 miRNAs that were differently expressed upon H37Rv infection and studied their relationships and associated cellular signaling pathways. Importantly, at least 80% of the H37Rv-specific genes and miRNAs identified with the THP1 model are confirmed in primary macrophage cells, validating our experimental approach.

Our unbiased analysis of the H37Rv–related miRNAs with their target genes experimentally validated, revealed their involvement in Mtb infection. HSP72 and LDLR were the most targeted genes by the H37Rv-specific miRNAs. These genes are involved in the interaction between neutrophils and macrophages during the early phase of the innate immune response to Mtb infection (52) as well as in the control of infectious load and infection-induced changes in lipid metabolism (53), respectively.

Most of the 30 H37Rv-specific host inflammatory response genes identified in the present study are upregulated to affect positively the host-response. These genes lie into the categories of receptors and molecules involved in pro-inflammatory macrophage differentiation (54), recruitment and activation of innate and adaptive immune cells (54–68), type 1 interferon and IFN-γ response (69, 70, 71), and apoptosis (72). Almost 30% of those genes are found deregulated in the blood of TB patients and have already been reported to be upregulated during Mtb infection, entailing positive effects on macrophage defense (58, 61, 66, 68, 70, 71, 73–81). Interestingly, miR-132-3p, miR-146a-5p, miR-345-5p and miR-939, which each target as many as 3 or 4 of the H37Rv-specific host inflammatory response genes, have been reported to be implicated in TB or other cellular processes that are or might be relevant to TB. Our IPA analysis of the H37Rv-specific host inflammatory response genes and miRNAs allowed us to identify strong links between Mtb virulence and these genes, as well as their associated pathways.

Focusing on genes that might benefit or alter macrophages defenses, and pathways in which genes are most targeted by identified miRNAs, we then tried to understand how H37Rv circumvents the macrophage inflammatory response (Figure 5). Among the strongest H37Rv-specific host genes/miRNAs displaying inverse expression levels, CXCL2 is over-expressed following H37Rv infection, and targeted by 3 miRNAs (miR-1184, miR-26b-3p and miR-130b-5p). It has been shown that blocking CXCL2 expression significantly reduces Mtb-induced, but not M. bovis BCG-induced, IL-1β secretion through the NLRP3-dependent inflammasome (76, 82), implying that its regulation is related to Mtb virulence. The pro-inflammatory cytokine IL-1β is essential for Mtb control, responsible for activation, for classical inflammatory polarization of macrophages, and takes part in many defense mechanisms against Mtb including ROS production (83, 84). Sustained upregulation of IL-1β leads to detrimental effects of exacerbated inflammation and is associated with TB severity and immunopathology (85–87). The downregulation of miR-1184, miR-26b-3p and miR-130b-5p expressions by H37Rv, might favor CXCL2 upregulation and the subsequent IL-1β production. In addition, the expression level of TNFRS18, which is expressed on macrophages, and functions as an inflammatory enhancer by promoting the activation of the NLRP3 inflammasome (88), is inversely correlated with that of miR-939-3p. Interestingly, miR-939-3p directly inhibits iNOS in mouse macrophages (89). iNOS exerts a strong bactericidal activity against Mtb, while preventing an excess of inflammation by inhibiting NLRP3-dependent IL-1β production and the NF-κB pathway (90–92). Moreover, miR-26b-3p, which is thought to participate in NLRP3-dependent IL-1β production through regulation of CXCL2, has been shown to participate in the inflammatory response of LPS-stimulated alveolar macrophages by modulating the NF-κB pathway by regulating PTEN (83). Finally, miR-939-3p and miR-26b-3p, found downregulated in H37Rv-infected macrophages, suggests that NF-κB plays an important role in H37Rv virulence probably through a dialog involving the NLRP3 inflammasome (84, 85). As for many regulatory mechanisms involved in inflammation, these H37Rv-specific gene/miRNA interactions controlling IL-1β might benefit both the macrophage and H37Rv, and highlight the crucial implication of IL-1β-related pathways and the control of pro-inflammatory activation in the virulence of Mtb.




Figure 5 | H37R-specific macrophage inflammatory response genes and associated miRNAs. Upon H37Rv infection, macrophages upregulated CXCL2, CXCL3, IL24, PPBP, TNFRSF18 and TNSF9, which have a beneficial effect on macrophages defense against Mtb. Downregulation of miR-19b-1-5p, miR-26b-3p, miR-130b-5p, miR-939-5p, miR-589-5p and miR-1184 might however limit the expression of these genes. Although H37Rv led to upregulation of CCL8, CCL17, CXCL9, CXCL10, CXCL11, TNFSF10 and TNFSF13B, their expression levels were significantly lower than that induced by Mm-infection. Hence, H37Rv mediated lower expression of these genes might rather be detrimental for macrophage defense. Their expression might be limited by miR-27b-3p, miR-130b-5p, miR-181a-2-3p, miR-425p, miR-455 and miR-1179.



Durable Mtb survival is only possible if their host-cells do not trigger cell death. In the early infection, apoptosis has been shown to be detrimental for Mtb to establish a long-term infection (86). TNFSF10, previously reported to be strongly induced by Mtb infection (87), prevents alveolar epithelial cell-mediated wound repair by inducing their apoptosis (93). These data suggest that TNFSF10 could promote fibrosis of the external layers of the granuloma and favor both the containment and the protection of the bacteria. TNFSF10 is putatively targeted by miR-130b-5p, which is downregulated in H37Rv-infected macrophages in the present study. In addition to the fact that this miRNA has already been shown to be downregulated in Mtb–infected primary human macrophages (94), P Ahluwalia et al. propose that miR-130b is involved in M1/M2 macrophages plasticity and Mtb survival (95). The expression of TLR7, an endosomal receptor expressed by macrophages to detect microbes single stranded RNA (96) and trigger apoptosis (97), is not modulated by M. marinum but significantly downregulated by H37Rv, which could also be beneficial for Mtb adaptation to the intracellular life survival process. Moreover, predicted miRNAs associated to the regulation of H37Rv-specific host inflammatory response genes were also involved in the regulation of apoptosis. miR-27b-3p, which expression is decreased upon H37Rv infection, favors apoptosis and decreases bacterial burden in Mtb-infected mouse macrophages (98). MiR-193a-3p and miR-1184, which expressions are decreased upon H37Rv infection, and both putatively target CXCL2, are also involved in apoptosis. miR-193a-3p upregulation triggers apoptosis through the direct repression of Mcl-1 expression (99), while miR-1184 promotes apoptosis via downregulation of its target CSNK2A1 (100). Reduced expression levels of TNFSF10, TLR7, miR-27b-3p, and miR-1184, in H37Rv-infected macrophages as compared with M. marinum -infected cells are concordant with apoptosis being reduced in alveolar macrophages infected with the virulent H37Rv strain as compared with attenuated strains such as M. bovis BCG and M. kansasii (101). The specific inverse regulation of these genes and miRNAs induced by H37Rv might inhibit apoptosis and enhance Mtb virulence.

Another factor that promotes Mtb long-term infection as compared to other pathogens, is the delay between the activation of innate immunity and the recruitment and activation of adaptive immunity (102). The CXCL9, CXCL10, CXCL11/CXCR3 axis and TNFSF13B play a role in both these recruitment and activation processes, responsible for attracting Th1 cells, cytotoxic lymphocytes and natural killer cells to the site of the infection, and related to B-cell activation, respectively (65). Although they were upregulated in H37Rv-infected macrophages, this upregulation was lower than that induced by M. marinum, suggesting that they are related to Mtb virulence. The fact that three of these genes are among the 6 most miRNA-targeted genes (i.e. CXCL9, CXCL11 and TNFRSF13B) emphasizes the importance of their role and might explain their lowered expression levels. Upregulation of miR-30a-5p and miR-30d-5p might lower the expression of CXCL11 and TNFSF13B, and upregulation of miR-132-3p that of CXCL9. Hence, modulating the expression of those genes and miRNAs might delay the adaptive immunity response and generate permissive conditions for Mtb survival (102). Additionally, miR-30a-5p upregulation is deleterious for Mtb-infected THP-1 cells, as it directly targets MyD88 (103), which is necessary for the establishment of a proper adaptive immune response in many pathologies (104–106). Furthermore, H37Rv-specific modulation of CCL8, CCL21 and CXCL2 might also contribute to impairing adaptive immunity. CCL8 is involved in T-cell activation (107–109) and CCL21 is a pro-inflammatory cytokine responsible for T-cells attraction to the lungs (110). Hence, as compared with M. marinum infection, lowered expression levels of CXCL9, CXCL11, TNFSF13B and CCL8 and CCL21, as well as upregulation of CXCL2 and miR-30a-5p, might enable H37Rv to expand its population before the burst of adaptive immunity. Consistently with our findings, Goenka et al. (111) also observed lower expression of CXCL9, CXCL10, CXCL11 and higher expression of CXCL2 in infant alveolar macrophage than in adult counterparts. With infant alveolar macrophages being more permissive to Mtb infection than adult macrophages (111), this is further evidence that CXCL2, CXCL9, CXCL10 and CXCL11 are likely involved in Mtb virulence.



Conclusion

The fragile balance between beneficial and harmful induction of inflammation might confer to genes and miRNAs paradoxical effects in macrophage defense and Mtb virulence. CXCL2 induction might both favor IL-1β-mediated protective immunity and impair the recruitment of adaptive immunity. In the broad spectrum of macrophage polarization and corresponding inflammatory responses, Mtb intracellular-linked virulence might depend mostly on: i) the inhibition of IL-1β-dependent pro-inflammatory polarization, ii) the repression of apoptosis, as well as iii) the delay of the adaptive immunity recruitment and activation (Figure 5). In this context, macrophage antimicrobial defenses remain low and, once activated, the adaptive immunity maintains this permissive environment.

These miRNA and gene signatures could be the hallmark of the host inflammatory response contribution to Mtb virulence and associated pathways could lead to new host directed therapies.
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It was previously shown that secretion of PE-PGRS and PPE-MPTR proteins is abolished in clinical M. tuberculosis isolates with a deletion in the ppe38-71 operon, which is associated with increased virulence. Here we investigate the proteins dependent on PPE38 for their secretion and their role in the innate immune response using temporal proteomics and protein turnover analysis in a macrophage infection model. A decreased pro-inflammatory response was observed in macrophages infected with PPE38-deficient M. tuberculosis CDC1551 as compared to wild type bacteria. We could show that dampening of the pro-inflammatory response is associated with activation of a RelB/p50 pathway, while the canonical inflammatory pathway is active during infection with wild type M. tuberculosis CDC1551. These results indicate a molecular mechanism by which M. tuberculosis PE/PPE proteins controlled by PPE38 have an effect on modulating macrophage responses through NF-kB signalling.
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Introduction

Mycobacterium tuberculosis is an important human pathogen that has adapted to survive and replicate within human macrophages (1). This lifestyle requires the presence of virulence factors that have evolved to enable intracellular growth. One strategy to identify virulence factors is by comparing the genomes of pathogenic and non-pathogenic mycobacteria. The most striking result of such an analysis is a large number of genes encoding PE and PPE proteins in M. tuberculosis compared to M. smegmatis (2). The PE and PPE proteins belong to two unique but related protein families and are known to be secreted to the cell surface or extracellular milieu through the type VII secretion system (3). The type VII secretion system is further represented by five loci in M. tuberculosis, named ESX-1 to ESX-5 (4). Of these five loci, ESX-2 and ESX-5 are the most recent, with ESX-5 being associated with the evolutionary split of the fast- and slow-growing mycobacteria (5). The PE/PPE proteins are characterised by the presence of a conserved N-terminal domain, including a Proline-Glutamic acid (PE) or a Proline-Proline-Glutamic acid (PPE) conserved motif (PPE) conserved motif (2). There are approximately 100 genes in M. tuberculosis coding for PE proteins and the major sub-family is classified as the PE-PGRS proteins, due to a large number of GC repeats in the genes encoding them (Polymorphic GC-Rich Sequence). This sub-family is characterised by multiple Gly-Gly-Ala/Gly-Gly-Asn repeats in the C-terminal region (6, 7). The PE-PGRS proteins are unique to slow growing mycobacteria, localised to the cell surface and secreted through the ESX-5 system (4, 8–11). Furthermore, recent studies demonstrated that the C-terminal region of PE-PGRS proteins can be cleaved from the PE domain and can be released to interact with the host (12). The largest subfamily of PPE proteins are the PPE-MPTR proteins (Major Polymorphic Tandem Repeat), which are also specific to slow-growing mycobacteria and secreted via ESX-5 (3). Taken together, the PE-PGRS and PE-MPTR proteins are interesting candidates for studying host-pathogen interactions considering their evolutionary history and extracellular localisation. However, elucidating the effects of PE-PGRS and PPE-MPTR proteins is hampered by the large number of proteins present in these groups. Recently, it has been shown that the ppe38-71 operon, specifically the PPE38 protein, is involved in mediating secretion of both these important subfamilies and when deleted detectable secretion is abolished (13). More recent follow up studies conducted in M. africanum and M. microti demonstrated a lack of PE-PGRS secretion in the presence of an intact ppe38-71 operon and ESX-5 secretion system (14, 15). While it is clear that the ppe38-ppe71 operon is involved in PE-PGRS secretion, this phenotype can be present in other mycobacteria, driven by an independent and currently unknown mechanism. By utilising a ppe38-71 mutant in M. tuberculosis, the collective role of the PE-PGRS and PPE-MPTR proteins that are dependent on both ESX-5 and PPE38 can be studied in the context of host-pathogen interactions. Interestingly, a hypervirulent phenotype was observed with increased bacillary growth of an M. tuberculosis ppe38-71 mutant in BALB/c mice (13). A similar phenotype was observed in zebrafish infected with a ppe38 transposon mutant of M. marinum (13, 16). It was further demonstrated that an M. marinum ppe38 transposon mutant is able to modulate the innate immune response in murine macrophages and to alter antigen presentation (17). However, no differences were observed in TNF-α and CD40 levels in murine bone marrow-derived dendritic cells infected with an M. tuberculosis Δppe38-71 mutant compared to wild type (18). The dispensability of ppe38, and by association the secretion of PE-PGRS proteins, is an unexpected observation as these proteins are hypothesised to be important for adaptation to an intracellular lifestyle.

To further explore the role of PE-PGRS and PPE-MPTR proteins in host-pathogen interactions, we characterised the temporal proteome profile of the THP-1 macrophage-like cell line in response to infection with M. tuberculosis CDC1551 and an isogenic ppe38-71 mutant strain. We observed altered pro-inflammatory responses in macrophages infected with M. tuberculosis Δppe38-71. We further used stable isotope labelling of amino acids in cell culture (SILAC)-based proteomics to investigate protein turnover rates in response to infection and could show an increased turnover of proteins involved in pro-inflammatory responses in macrophages infected with M. tuberculosis CDC1551. Finally, our results suggest a role for PPE38-controlled PE/PPE proteins of M. tuberculosis in infection by modulating the inflammatory response through nuclear factor kappa B (NF-kB) signalling via the RelB pathway. By combining different approaches, we provide a deeper understanding of the molecular mechanisms exploited by M. tuberculosis to alter protective host responses during infection of macrophages.



Materials and Methods


Bacterial Strains

Mycobacterium tuberculosis CDC1551 Δppe38-(further referred to as Δppe38-71) and M. tuberculosis CDC1551 Δppe38-71::pMV_ppe38-71 (further referred to as complemented) were generated from M. tuberculosis CDC1551 as parental strain with an integrated ppe38-ppe71 serving as the complement under the constitutively expressed hsp60 promotor. All three strains were obtained from a previous study (13). All bacterial strains were grown in modified Sauton’s medium (0.4% L-asparagine, 0.4% glucose, 0.2% citric acid, 0.05% monopotassium phosphate, 0.05% magnesium sulphate, 0.005% ferric ammonium citrate and 0.001% zinc sulphate, pH 7.0), supplemented with 0.05% Tween-80 at 37°C without shaking in 75 cm2 tissue culture flasks. M. tuberculosis Δppe38-71 was cultured in the presence of 50 µg/ml hygromycin (ThermoFisher, MA, USA) and M. tuberculosis Δppe38-71::pMV_ppe38-71 was cultured in the presence of 25 µg/ml kanamycin (Sigma-Aldrich, MO, USA) and 50 µg/ml hygromycin as indicated. Antibiotics were only used during pre-culture and were omitted during sub-culturing. In vitro growth was monitored by culturing M. tuberculosis CDC1551, Δppe38-71 and the complemented strain as stated above and measuring optical density at 600 nm over 20 days.

The mean was derived from four (n = 4) biologically independent experiments and error bars represent standard error of the mean (SEM). Statistical differences between strains at each time point was determined by two-way ANOVA followed by a Tukey HSD post-hoc test. The q-value used to infer statistically significant difference was set at 0.05, thus only a q-value below this number was considered significant. The statistical tests were performed using the R statistical programming language version 3.8.1 using the standard library. See Figure 1B and the corresponding legend for detailed statistical descriptions related to each figure.




Figure 1 | The absence of PPE38 controlled PE-PGRS proteins has no effect on bacterial survival or macrophage death in a 28 hour period. (A) PE-PGRS and PPE38 immunoblot of in vitro culture supernatants of M. tuberculosis CDC1551, Δppe38-71 and the complemented strain harvested at OD600 of ~1. (B) In vitro growth curves of M. tuberculosis CDC1551, Δppe38-71 and the complemented strain by optical density measurements for 20 days. Data is representative of four independent experiments and error bars represent SEM. Two-way ANOVA with Tukey HSD post-hoc testing was used to determine a significant difference with a q-value cut-off at 0.05 (C) Intracellular growth curve of M. tuberculosis CDC1551, Δppe38-71 and the complemented strain in THP-1 macrophage-like cells. Growth was monitored over 28 hours and infected macrophages were harvested at 4 hours, 18 hours and 28 hours after exposure to mycobacteria. Mycobacterial load was measured by CFU enumeration. Data is representative of three independent experiments and error bars represent SEM. (D) Extracellular bacteria at 3 hours post-infection were determined by CFU enumeration after 7 consecutive washes. No significant difference was detected by one-way ANOVA between the different strains. Data is representative of three independent experiments and error bars are indicative of SEM. (E) Differential uptake of mycobacteria by THP-1 macrophage-like cells during infection was measured by washing excess bacilli at 3 hours post-infection. Pen/Strep treatment for 1 hour was used directly before each harvesting time point, i.e. 4 hours; 18 hours and 28 hours; to remove any extracellular bacteria still present. The intracellular mycobacterial load was determined by CFU enumeration and data is representative of three independent experiments, error bars represent SEM. (F) Percent bacterial uptake calculated from the original inoculum at an MOI of 3:1. Data is representative of three independent experiments where the percentage was calculated from the mean CFU of each strain obtained from 4 hours post-infection divided by the mean CFU of the original inoculum. (G) THP-1 macrophage viability was measured by MTT assay at 18 hours post-infection. Data is representative of three independent experiments and error bars represent SEM. One-way ANOVA was used to determine significant differences with a p-value cut off of 0.05.





Cell Lines

The THP-1 human monocytic cell line (ATCC®TIB-202©) available from the American Type Culture Collection (ATCC, VA, USA) was stored as frozen seed lots at -80°C suspended in cell freezing media (Merck, NJ, USA) until use. The THP-1 cells were cultured in RPMI (ThermoFisher, MA, USA) media supplemented with 10% foetal bovine serum (FBS) (ThermoFisher, MA, USA), further referred to as R10 media, at 37°C and in a 5% CO2 atmosphere for a maximum of three passages in either 25 or 75 cm2 tissue culture flasks. For pulse-chase SILAC (pSILAC) experiments, the THP-1 monocytes were grown as described above, however, the 10% FBS was substituted for 10% dialysed FBS (R10LIGHT). THP-1 monocytes were differentiated into macrophage-like cells using 50 ng/ml phorbol myristate acetate (PMA) (Sigma-Aldrich, MO, USA) for three days. For experiments in ex vivo bacterial growth, 48-well tissue culture grade plates were used with 1 x 105 THP-1 seeding density. Proteomics experiments involving THP-1 cells used six well plates with a seeding density of 1 x 106 cells The media was changed after three days, the cells washed twice with phosphate-buffered saline (PBS) pH 7.4 (ThermoFisher, MA, USA) and the media replaced with either R10 or R10LIGHT. The THP-1 macrophage-like cells were subsequently rested for 24 hours at 37°C in a 5% CO2 atmosphere before performing further experiments.



Macrophage Infection

M. tuberculosis CDC1551, Δppe38-71 and the complemented strain were grown, separately, as described above for 4 days or when an OD600 of 1.0 was reached. The cells were harvested by centrifugation (4000 rpm, 10 min) and washed three times with PBS pH 7.4 to remove Tween-80. Mycobacterial cells were subsequently resuspended in 5 ml PBS pH 7.4 and sonicated for 10 minutes in a water bath sonicator, followed by filtering through a 40 µm cell strainer to remove bacterial clumps. Optical density (OD) was measured, and suspensions were diluted to an OD600 of 0.1 (corresponding to approximately 1 x 107 cells/ml) in R10 medium.

The THP-1 macrophage-like cells were infected with the different M. tuberculosis strains at a multiplicity of infection (MOI) of 3:1 and incubated for 3 hours at 37°C in a 5% CO2 atmosphere to allow for uptake of mycobacteria. For label-free proteomics, the infected macrophages were washed seven times with PBS pH 7.4 to remove extracellular bacteria and proteins were harvested at 4 hours and 18 hours post-infection, as described below. For colony forming unit (CFU) determination, the infected macrophages were treated with 100 U/ml pen-strep (penicillin/streptomycin) at 37°C for 1 hour, followed by three washes with PBS pH 7.4. Macrophages were lysed using deionised water at the indicated time points. The lysates were serially diluted to a maximum dilution of 1 x 10-6 and plated on 7H11 agar, followed by incubation at 37°C for ~3 weeks or until colonies formed. To account for the presence of extracellular bacteria, THP-1 macrophage-like cells were washed seven times with PBS pH 7.4 to remove mycobacteria that were not internalised after three hours of infection. Bacteria remaining after the consecutive washes were determined by plating the final wash on 7H11 agar and incubated at 37°C for ~3 weeks or until colonies formed.

The bacterial viability and growth within macrophages were determined from three independent experiments described in Figures 1C–E and the corresponding legend. Data was gathered by infecting THP-1 macrophage-like cells with mycobacterial strains and enumerated by colony forming unit (CFU) counts. The results were derived from three biologically independent experiments (n = 3) and error bars represent SEM. Hypothesis testing was performed in the R statistical programming language version 3.8.1 using two-way ANOVA with a Tukey HSD post hoc test for data represented in Supplementary Figures S1C, E while a one-way ANOVA with a Tukey HSD post hoc test was used for Figure 1D. Statistical significance was inferred using the resulting q-value and a cut-off was set at 0.05.

For pSILAC experiments, THP-1 macrophage-like cells were washed three times with PBS pH 7.4 and the media replaced with SILAC RPMI devoid of lysine and arginine (ThermoFisher, MA, USA). The cells were subsequently incubated for 3 hours at 37°C in a 5% CO2 atmosphere prior to infection to facilitate amino acid uptake upon exposure to mycobacteria. After the three-hour incubation, the SILAC RPMI was replaced with fresh SILAC RPMI supplemented with 10% dialysed FBS (ThermoFisher, MA, USA), 0.4 mg/ml -arginine and 0.08 mg/ml -lysine (R10HEAVY) and placed on ice until infection.

M. tuberculosis CDC1551, Δppe38-71 and the complemented strain were cultured and prepared for infection as previously described, with minor modifications. Briefly, the mycobacterial cells were harvested, sonicated and filtered as described above, however, the cells were diluted to an OD600 of 0.1 in R10HEAVY medium. Macrophage infections were further carried out as described above. Proteins were harvested at 4 hours, 8 hours, 12 hours, 18 hours and 28 hours post-infection for protein turnover analysis, as described below.



MTT Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent was prepared in R10Light to a final concentration of 5 mg/ml. Supernatants of infected as well as uninfected macrophages were removed following infection at 18 hours and replaced with R10Light-MTT media. The macrophages were subsequently incubated at 37°C, 5% CO2 atmosphere for two hours. The media containing MTT was removed after this incubation step and replaced with DMSO and incubated at 37°C, 5% CO2 atmosphere for an additional 15 minutes. Macrophage viability was calculated by colorimetric shift measured at 540 nm using a plate reader.

The viability assay is described in Figure 1G, the corresponding legend and details of the statistical test can be found in Data Sheet 1: Table S1. Results were gathered by infecting THP-1 macrophage-like cells with each mycobacterial strain as well as an uninfected control and measuring optical density at 18 hours post infection. The data in this experiment was derived from three (n = 3) independent experiments and significant differences were detected by one-way ANOVA following a Tukey HSD post hoc test. This test was performed in the R statistical programming language version 3.8.1 using the standard library and a q-value less than 0.05 was considered significant.



Protein Extraction and Proteomic Sample Preparation

At each time point, infected THP-1 macrophage-like cells were washed four times with PBS pH 7.4 on ice. Modified RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1mM EDTA, 1% IGEPAL CA-630, 0.1% sodium deoxycholate, Benzonase and Roche Complete EDTA-free protease inhibitor) was added to each well and placed on ice for 10 minutes to lyse cells. The lysates were subsequently centrifuged (14 000 rpm, 20 min) to remove cellular debris. Proteins were precipitated by the addition of four volumes ice-cold acetone and quantified by modified Bradford assay (19).

All bacterial strains were grown in modified Sauton’s medium (0.4% L-asparagine, 0.4% glucose, 0.2% citric acid, 0.05% monopotassium phosphate, 0.05% magnesium sulphate, 0.005% ferric ammonium citrate and 0.001% zinc sulphate, pH 7.0), supplemented with 0.05% Tween-80 at 37°C without shaking. For tween free supernatants, the bacteria was grown in tween until an OD of ~1 was reached and the detergent was removed by sequential washing through centrifugation (4000 rpm, 20 minutes) for a total of 4 washes and sub-cultured in Sauton’s media without Tween-80. The bacteria was cultivated for an additional 5 days at 37°C before harvesting. Bacterial whole-cell lysates were produced by separating the cells from the supernatant by centrifugation (4000 rpm, 4°C, 10 minutes). The supernatant was filter sterilised using 0.22 µm low bind syringe filters (Merck Milipore, NJ, USA) and used for the Tween-80 supernatant fraction. The pellet was resuspended in 1 ml ice cold protein extraction buffer (10 mM Tris-HCl pH 7, 0.1% Tween-80, Complete Protease inhibitor cocktail table) and centrifuged once more (14 000 rpm, 4°C, 2 minutes). The pellet was suspended in 300 µl cold protein extraction buffer supplemented with RNase-free DNaseI and transferred to cryogenic vials containing an equal volume 0.1 mm acid washed glass beads. The suspension was mechanically lysed by bead-beating for 30 second intervals with 30 seconds on ice for a total of 8 cycles. The resulting lysate was clarified by centrifugation (14 000 rpm, 4°C, 15 minutes) and filter sterilised through 0.22 µm pore acrodisks and syringes. Tween-free supernatants were harvested by separating the cells from the supernatant using 40 µm cell strainers (Corning, NY, USA) followed by centrifugation (4000 rpm, 10 minutes) and filter sterilised using 0.22 µm Steriflip® filters (Sigma-Aldrich, MI, USA). The supernatants were concentrated using Amicon Ultra 3 KDa spin columns and precipitated with ice cold acetone overnight. The precipitated proteins were resuspended in 8M urea, and all proteins were quantified using a modified Bradford assay and used for LC-MS/MS (19).

Equal amounts of protein (20 µg) were used for sample preparation for LC-MS/MS following a tube gel protocol (20). Briefly, proteins suspended in 8M urea were diluted in 1M tris-HCl pH 6.8 and cast in an acrylamide gel containing 10% SDS within an Eppendorf tube. The samples were allowed to set overnight at room temperature. Protein-containing gels were removed from the Eppendorf tubes and cut into ~1 mm x 1 mm gel pieces. Gel pieces were washed three times with 50 mM ammonium bicarbonate (Sigma-Aldrich), followed by reduction with 5 mM tris(2-carboxyethyl)phosphine (Sigma-Aldrich, MO, USA) for 1 hour at 45°C. After reduction, the proteins were alkylated with 55 mM iodoacetamide (Sigma-Aldrich, MO, USA) for 1 hour at room temperature. The gel pieces were washed twice with 100% acetonitrile after alkylation. Sequencing grade modified trypsin (Promega, WI, USA) was added to the gel pieces at a 1:50 trypsin to protein ratio and incubated at 4°C for 1 hour, followed by an 18 hours proteolytic digestion at 37°C in a humidified chamber. Peptides were eluted by sequential addition of 50%, 70% and 100% acetonitrile until gel pieces turned opaque. The eluates were then dried in a vacuum desiccator (SpeedVac). Dried peptides were suspended in 5% acetonitrile (Sigma-Aldrich, MO, USA) containing 0.1% formic acid and desalted using C18 desalting columns (ThermoFisher, MA, USA) as recommended by the manufacturer.



LC-MS/MS

Dried peptides were dissolved in 30 µl of solvent A (2% acetonitrile containing 0.1% formic acid in HPLC-grade water) and 500 ng peptides was analysed. All chromatography was performed on a nanoAcquity UPLC system (Waters, MA, USA) using a 200 cm uPAK™ column (Pharmafluidics, Ghent, Belgium) coupled to a Thermo Q-Exactive Plus Orbitrap mass spectrometer (ThermoFisher, MA, USA) equipped with a Flex nanoelectrospray source. The spray voltage was set to 1.9 kV (Thermo Fisher, MA, USA) and the capillary temperature was 250°C. Peptide separation was performed using a linear gradient of solvent B (98% acetonitrile, 0.1% formic acid and 2% HPLC grade water), starting with 3% solvent B and increased to 40% solvent B over 80 minutes. Solvent B was increased to 100% in 5 minutes and subsequently decreased to 3% solvent B in 5 minutes. Solvent B was kept at 3% B for an additional 35 minutes at a flow rate of 750 nL/min, where a column temperature of 50°C was maintained with a heater. Mass spectrometry was performed in data-dependent acquisition mode using a full MS1 scan (350-1850 m/z, resolution at 70000, max injection time was 100 ms and ACG target was 3e6), and selecting precursor ions with a 2+ or greater charge state for MS/MS analysis. This was followed by HCD fragmentation with normalised collision energy set at 28% and MS/MS acquisition (200–2000 m/z, resolution 17,500, max injection time of 80 ms, AGC target was 1e5) of the top 20 most intense precursors from each full scan. Dynamic exclusion of ions was implemented using a 20s exclusion duration and only ions with an unassigned charge state were disregarded.



Mass Spectrometry Data Analysis

All tandem mass spectra were analysed using MaxQuant version 1.6.10 (21) and searched against the human proteome (UP000005640, containing 74 349 entries) database downloaded on 14/10/2017 from Uniprot and the M. tuberculosis CDC1551/Oshkosh proteome (UP000001020, containing 4 204 entries) downloaded on 17/4/2017. Peak list generation of label-free tandem mass spectra was performed within MaxQuant using default parameters and the built-in Andromeda search engine (22). Enzyme specificity was set to consider fully tryptic peptides with two missed cleavages were allowed. Oxidation of methionine and N-terminal acetylation were allowed as variable modifications. Carbamidomethylation of cysteine was allowed as a fixed modification. A protein and peptide false discovery rate of less than 1% was employed in MaxQuant with match between runs enabled. Proteins that contained similar peptides that could not be differentiated on the basis of MS/MS analysis alone were grouped to satisfy the principles of parsimony. Data handling, statistical tests and figure generation was performed using ProVision, an online data analysis platform that uses the LIMMA package in R for statistical tests (23). Briefly, reverse database hits, contaminants and proteins only identified by site modifications were removed. Precursor intensity values for each protein was obtained from MaxQuant using the MaxLFQ algorithm available internally (24). The file was further filtered for each protein group to contain at least two unique peptides. The assigned LFQ intensity values were subsequently log2 transformed to gain a normal distribution and further filtered for two values in at least one group. This resulted in the high confidence expression dataset, and missing values were imputed from a truncated normal distribution of transformed LFQ intensities. Quantile of quantile plots were used within the ProVision application to check for normality prior to statistical testing. Multiple hypothesis testing was corrected using the Benjamini-Hochberg FDR set at 0.05, and a two-fold cut-off was implemented. The statistical analysis and visualisations of label free mass spectrometry data can be found in Supplementary Figure S1 and Figure 2 with an extended analysis in Supplementary Figure S2. The mass spectrometry data pertaining to this experiment, which was used to generate these figures are available in Data Sheet 1 and Table S2. Differential expression of in vitro grown mycobacterial strains was as described in Figures 5E, F and Supplementary Figures S5A, B as well as Tables S5–7. The data used for hypothesis testing was derived from three (n = 3) biologically independent experiments for each condition. Significant differences were accepted when the q-value was below 0.05 and a log2 fold change of 1.




Figure 2 | Label-free proteomic analysis reveals altered inflammatory responses in M. tuberculosis-infected macrophages. Volcano plots representing differential protein abundance in macrophages infected with M. tuberculosis CDC1551 compared to infection with Δppe38-71 at (A) 4 hours post-infection, (B) 18 hours post-infection, (C) infection with M. tuberculosis CDC1551 at 18 hours compared to 4 hours and (D) infection with Δppe38-71 at 18 hours compared to 4 hours post infections. Significance cut-offs were set at a q-value less than 0.05 and a log2 fold change greater than 1. Numbers indicate the amount of significantly regulated proteins. (E) Volcano plot representing regulated proteins of THP-1 macrophage-like cells infected with the complemented strain compared to M. tuberculosis CDC1551 at 18 hours post-infection. Significance cut-offs were set at a q-value less than 0.05 and a log2 fold change greater than 1. (F) Volcano plot representing proteins of THP-1 macrophage-like cells infected with the complemented strain at 18 hours compared to 4 hours post infection. Significance cut-offs were set at a q-value less than 0.05 and a log2 fold change greater than 1. (G) Heat map of the main regulated proteins between the groups, displaying the log2 fold changes between THP-1 macrophage-like cells infected with M. tuberculosis CDC1551, Δppe38-71 and the complemented strain at 18 hours post-infection. LFQ intensities were Z-scored and are from three independent biological replicates.





Protein Turnover

The search parameters for SILAC were largely similar to that of the label-free searches using MaxQuant version 1.6.10 and the same human proteome (UP000005640) as a reference database. For the pSILAC searches a multiplicity of 2 was chosen adding heavy arginine with a mass shift of 10 Da and heavy lysine with a mass shift of 8 Da. Furthermore, the re-quantify function was disabled and match between runs was enabled. Oxidation of methionine and N-terminal acetylation was chosen as variable modification and carbidomethylation of cysteine was set as the fixed modification and all FDR cut offs for peptide identification was set at 0.01. Under conditions with increased arginine cell lines can convert the excess arginine to proline which results in non-specific dilution in the stable isotope signal and can confound intensity values. We therefore tested this conversion in our differentiated THP-1 macrophage-like cell line with LPS stimulating with heavy lysine and arginine for 18 hours. Searching in the same manner as above with proline (6 Da shift) as a variable modification only identified 5 proteins containing this amino acid. Thus, we continued with the 0.4 mg/ml  -arginine for the rest of our experiments. The resulting protein groups file was filtered in the same manner as detailed above for the label-free proteomics. Briefly, all contaminants; reverse database hits as well as proteins only identified by site modifications was removed from the SILAC dataset and we additionally filtered for a minimum of two unique peptides. The post-filtered raw ratios of each strain and each time point was used for further analysis.

As the heavy isotopes increase, the light isotopes decay providing a function to extrapolate half-life for the population of proteins based on linear regression. Protein turnover was calculated from an average from the raw ratios using a similar approach as previously described (25). As the natural occurrence of -lysine is exceedingly rare we assumed a zero time point where the heavy fraction was set to zero for further handling in a manner as previously described (26). The raw ratios of each condition (i.e. THP-1 infected with CDC1551, Δppe38-71 etc.) were filtered to contain at least three ratios in the time course and with a coefficient of determination above 0.85. The half-lives (T1/2) of each protein were determined using a first order reaction equation (eq 1). This was subsequently derived for calculating the half-life (eq 2), where half-life is equal to the natural log of two divided by the rate (Kdp).





The reaction rate (Kdp) was calculated using equation 3 without accounting for dilution by replication as THP-1 macrophage-like cells are terminally differentiated. Here r is representing the raw ratio at each time point and ti is each specific time point. For optimal handling the equation can be expressed using all variables for a direct calculation of half-life (eq 4).





Calculating the Kdp values were implemented using the Excel macro LinEstGap which implements equation 3 (see data availability for link to the macro) and the half-lives were calculated using equation 4. The average half-life was calculated after filtering for each replicate and was further processed in the R statistical programming language. Here the average half-life was calculated per condition which produced a log normal distribution and missing values. This was followed by filtering the dataset where a protein should contain at least one half-life representing at least one of the four conditions.

For further analysis we Z-scored the half-lives to obtain a dataset used to generate heatmaps where the row clustering was to gain a distance from the centroid metrics. These clusters were enriched for gene KEGG pathways using the WebgestaltR package available on the CRAN repository as shown in Figure 3D (27). Hypothesis testing was used to determine differentially regulated half-lives from two biologically independent experiments (n = 2) across five time points namely 4 hours, 8 hours, 12 hours, 18 hours and 28 hours post infection. The difference in protein turnover between CDC1551 and Δppe38-71 infected THP-1 macrophage-like cells was determined using hypothesis testing. This allowed for stringent filtering, i.e. contains ratios in both replicates in both conditions, without losing valuable data. The strict filtered dataset for each comparison was log2 transformed to obtain a normal distribution and the LIMMAf package was used for hypothesis testing. The resulting p-values were corrected for using Benjamini-Hochberg FDR set at 0.05 and fold change was disregarded for these specific analyses. The results of these tests were visualised in Figures 4A, B, the raw data used to generate these figures are available in Data Sheet 1 and Table S4. The differentially regulated proteins were further used to enrich for KEGG pathways using the WebGestaltR package as shown in Figure 4D.




Figure 3 | Infection with M. tuberculosis CDC1551 and not M tuberculosis Δppe38-71 causes a shift in protein turnover associated with the IL-12 pro-inflammatory pathway. (A) Half-lives from THP-1 macrophage-like cells infected with M. tuberculosis CDC1551, M. tuberculosis Δppe38-71 and the complemented strain and uninfected control macrophages were assessed using hierarchical clustering with Euclidean distance. Two distinct clusters formed representing either an increase (cluster 1) or a decrease (cluster 2) in protein half-lives as depicted by profile plots. Protein groups from (B) cluster 1 and (C) cluster 2 are represented as a deviation in the estimated marginal mean of each protein half-life, after adjustment of covariates, across each factor. (D) GO enrichment analysis of each cluster obtained in A and B. Protein turnover data is representative of two biological replicates.






Figure 4 | Differential regulation of individual protein half-lives point towards changes in the inflammatory response. Volcano plot depicting altered protein half-lives between (A) M. tuberculosis CDC1551- and Δppe38-71-infected macrophages or (B) M. tuberculosis CDC1551- and complement-infected macrophages. Significantly altered protein half-lives are highlighted based on q-value set at 0.05. Downregulated proteins are denoted as DR (purple), upregulated as UR (orange) and non-significant as NS (grey) in the volcano plots. (C) Venn diagram depicting the number of macrophage protein half-lives present either uniquely or commonly between the M. tuberculosis CDC1551 infected and Δppe38-71 infected macrophage and between M. tuberculosis CDC1551 infected and complement-infected macrophage comparisons. Data is representative of two biological replicates. (D) Over-representation analysis of the proteins with differentially regulated half-lives against KEGG pathways, where up is indicative of rapid turnover and down indicative of slower turnover. Over-representation was calculated using the WebGestalt API using default parameters.






Figure 5 | In vitro proteomics of M. tuberculosis strains show partial complementation that can be restored by the omission of detergent. Principal component analysis of (A) whole-cell lysates, (B) supernatant containing detergent and (C) supernatant without detergent of each M. tuberculosis strain after four days of cultivation. (D) Western blot of each fraction shows the PE-PGRS proteins in the supernatant only when there is detergent present in the growth media. Volcano plots of supernatants containing detergent from (E) M. tuberculosis Δppe38-71 and (F) the complemented strain compared to M. tuberculosis CDC1551 when cultivated in detergent. The q-value was set to 0.05 and the log2 fold change was set to 1. The data is representative of three independent experiments.





Western Blots

Macrophage whole-cell lysates and bacterial supernatants were either probed with a WesternBreeze anti-rabbit chemiluminescent kit (Thermo Fisher, MA, USA) or manually if primary antibodies required an anti-mouse secondary antibody. Briefly, whole-cell lysates were quantified using a modified Bradford assay and 50 µg total protein content was separated by SDS-PAGE. Proteins were subsequently transferred to nitrocellulose membranes for 1 hour. The membranes were stained with Ponceau S (0.1%, w/v in 5% acetic acid) to inspect sample loading. Membranes were probed with anti-GAPDH (CST, D16H11), anti-IL-1B (CST; D3U3E), anti-NF-kB1 (CST; D4P4D) anti-NF-kB2 (CST,18D10), anti-ISG15 (CST; 22D2), anti-DDX58 (CST; D14G6), anti-PPE38 (custom, Innovagen, Sweden) or anti-PGRS (3) overnight at 4°C, as indicated in the text. This was followed by incubation with an alkaline phosphatase-conjugated secondary anti-rabbit antibody or a horseradish peroxidase-conjugated goat anti-mouse secondary antibody for 1 hour at room temperature. Blots were visualised using the chemiluminescent substrate provided by the WesternBreeze kit or with ECL detection reagent (Bio-Rad) and imaged on a ChemiDoc Imaging System (Bio-Rad).



Macrophage Stimulations

M. tuberculosis CDC1551, Δppe38-71 and complemented strains were grown in Sauton’s media containing 0.05% Tween-80 for 5 days or until an OD600 of ~1 was reached. M. tuberculosis culture supernatants were harvested by centrifugation (4000 rpm, 10 min) and concentrated using 4 kDa molecular weight cut off Amicon Ultra spin columns (Merck Millipore, MA, USA). Proteins in the cell-free supernatants were precipitated using ice-cold acetone and kept overnight at -20°C. The precipitated proteins were harvested by centrifugation (14000 rpm, 30 min) and resuspended in 8M urea in 50 mM triethylammonium bicarbonate (urea buffer). Protein concentration was determined using a modified Bradford assay, as described previously (19).

THP-1 monocytes were seeded into 6-well plates at 1 x 106 cells/well and differentiated into macrophages, as described above. THP-1 macrophage-like cells were stimulated for 18 hours with lipopolysaccharide from E. coli (Sigma-Aldrich, MO, USA) at 100 ng/ml or proteins from cell-free supernatants of M. tuberculosis at 20 µg per well. Unstimulated cells served as baseline controls for IL-1B expression. Whole-cell lysates of the macrophages were harvested as described above and stored at -80°C until further use.

Expression was quantified by densitometry of western blots, where a represented blot is depicted in Supplementary Figure S5C. Relative quantification was determined from three independent biological experiments (n = 3) and depicted in Supplementary Figure S5D. Significant differences were determined by one-way ANOVA followed by Tukey HSD and details are depicted in Supplementary Figure S5E. Significant differences were accepted when the q-value was below 0.05.



Immunofluorescent Staining and Microscopy

THP-1 monocytes were cultivated, differentiated and infected as described above. After 18 hours of infection, the medium was removed, the cells were fixed in 4% paraformaldehyde (PFA) for 30 minutes at room temperature and washed three times in PBS pH 7.4 for 10 minutes. Cells were permeabilised using 0.1% Triton X-100 in PBS pH 7.4 for 10 minutes at room temperature and washed three times in PBS pH 7.4 for 10 minutes. Cells were blocked with 1% bovine serum albumin (BSA) in PBS pH 7.4 containing 0.1% Tween-80 and 0.1M glycine for 1 hour at room temperature, after which cells were incubated with corresponding primary antibodies diluted in 1% BSA in PBS pH 7.4 overnight at 4°C in a humidified chamber. Antibody dilutions were used as follows: RelA antibody (NF-kb p65 (D14E12) XP® Rabbit mAb, Cell Signalling Technology, MA, USA) was used at a 1:400 dilution; RelB (Recombinant Anti-Rel B antibody [EPR7076] - C-terminal (ab180127, Abcam, Cambridge, UK) was used at a 1:200 dilution; NF-kb1 p105/p50 (D4P4D, Rabbit mAb, Cell Signalling Technology, MA, USA) was used at a 1:200 dilution; NF-kb2 p100/p52 (D7AK9, Rabbit mAb, Cell Signalling Technology, MA, USA) was used at a 1:400 dilution. Cells were washed three times in PBS pH 7.4 for 10 minutes and incubated with anti-rabbit Alexa Fluor 488 secondary antibody (Thermo Fisher, MA, USA) used at 1:500 dilution for 1 hour at room temperature in the dark. Cells were washed three times in PBS pH 7.4 for 10 minutes and subsequently stained with Phalloidin–Tetramethylrhodamine B isothiocyanate (Sigma Aldrich, MI, USA) to visualize F-actin. Nuclei were counterstained with Hoechst in PBS pH 7.4 for 10 minutes at room temperature in the dark. Cells were washed a further three times in PBS pH 7.4 for 10 minutes before mounting upside down onto glass microscope slides using Dako fluorescent mounting medium and air drying overnight in the dark at room temperature. Slides were stored at 4°C in the dark until imaging. Unstained, single stained and secondary antibody only controls were prepared for each experiment to assess background autofluorescence and signal specificity in each channel. Images were obtained using a Carl Zeiss LSM 780 confocal microscope (Plan-Apochromat x63/1.40 oil DIC M27 objective lens). Images were acquired using the ZEN software (Carl Zeiss, Oberkochen, Germany). Acquisition settings for imaging were identically set for all treatment groups within each experiment. Analysis and quantification of images were done with the ZEN black software version 13.0.0.518 (Carl Zeiss, Oberkochen, Germany) and any manipulations done, such as min/max, were extended to all channels. No single channel enhancements were used during quantification and all changes were applied equally across the entire image. In addition, twenty cells were chosen from at least 10 random fields per replicate to with a minimum of three independent experiments (n=3) to generate the results as depicted in Figure 7I. For display images, channels were enhanced as appropriate to accurately demonstrate nuclear translocation of proteins.




Figure 6 | THP-1 macrophage-like cells signal through the canonical NF-kB pathway when infected with M. tuberculosis CDC1551. (A) Schematic representation of the canonical and non-canonical NF-kB pathways. (B) Western blots for components of the NF-kB pathway (α-NF-kB1 and α-NFkB2) and downstream effectors (α-pro-IL1β) as well as their respective sub-units. The western blots were done on protein samples harvested at 4 hours and 18 hours post-infection. α-GapDH was used as a loading control.






Figure 7 | Infection with M. tuberculosis Δppe38-71 stimulates a RelB/p50 pathway in THP-1 macrophage-like cells. Confocal microscopy images showing individual fluorescent channels probing for F-actin (phalloidin), the nucleus (Hoechst) and (A–C) RelA (Alexa Fluor 488) for (A) M. tuberculosis CDC1551, (B) Δppe38-71, (C) complement-infected macrophages. Macrophages infected with (D) M. tuberculosis CDC1551, (E) Δppe38-71 and (F) the complemented strain were also probed for translocation of RelB (Alexafluor 488). (G) Confocal microscopy images showing p100/p52 and (H) p105/p50 nuclear translation in Δppe38-71 infected macrophages. White arrows indicate translocation events. (I) Quantification of fluorescence intensity in the nucleus compared to that in the cytoplasm. Twenty cells were chosen from at least 10 random fields per replicate with a minimum of three independent experiments. The dashed line indicates a ratio of 1 for the cut off where translocation occurs.





ELISA

Supernatants harvested from infected THP-1 macrophage-like cells at 18 hours and 48 hours post-infection were sterilised using a 0.22 µm syringe filter. Sterilised supernatants were subsequently assayed for interleukin 12 p70 (IL-12p70) and interleukin 3 (IL-13) levels using ELISA kits (Biosource, Invitrogen), as indicated by the manufacturer.

The data was derived from three independent biological experiments (n = 3) and is depicted in Figures 8A, B and details of the statistical test can be found in Figure 8 legend and Data Sheet I and Table S8. Significant differences were determined by one-way ANOVA followed by Tukey HSD and accepted when the q-value was below 0.05.




Figure 8 | Interleukin-12p70 and IL-13 are differentially secreted by THP-1 macrophage-like cells at 48 hours post-infection. The levels of IL-12p70 (A) and IL-13 (B) in supernatants of THP-1 macrophage-like cells infected with either M. tuberculosis CDC1551, Δppe38-71 or complemented strains and uninfected macrophages were determined by ELISA. Data is representative of three biological replicates and significant differences were determined with one-way ANOVA as well as a Tukey HSD post-hoc test with a q-value set at 0.05. Schematic illustration of a proposed macrophage response upon infection with (C) M. tuberculosis CDC1551 and (D) M. tuberculosis Δppe38-71.






Results


PPE38 Does Not Influence M. tuberculosis Uptake or Replication Within Macrophages

The cell surface of M. tuberculosis is covered with pathogen-associated molecular patterns (PAMPs), which will be recognised by the host during infection to initiate immune responses. The PE-PGRS and PPE-MPTR proteins are groups of PAMPs localised on the cell surface of M. tuberculosis that have been implicated in host-pathogen interactions and virulence (28–30). Previous work has linked a Δppe38-71 deletion mutant to increased virulence in M. tuberculosis by controlling a subset of PE-PGRS and PPE-MPTR secretion (13).

In the present study, we exploited a Δppe38-71 deletion mutant to test whether a lack of PPE38 and its effectors will result in altered macrophage responses during infection. Initially, we verified that the strains used in this study have the same phenotype of diminished PE-PGRS protein secretion previously observed (13), as well as verifying the presence and absence of PPE38 by western blot (Figure 1A). Next, we measured the growth of M. tuberculosis CDC1551, the Δppe38-71 mutant and the complemented strain to determine if any growth differences exist. No significant differences were found between the strains over a 20-day growth period (Figure 1B). To reduce variability, 4-day old mycobacterial cultures were used for all infections. The growth of each strain was monitored within THP-1 macrophage-like cells for 28 hours by enumerating cell counts at various time points (4 hours, 18 hours and 28 hours) post-infection. No significant differences were found in mycobacterial proliferation or macrophage cell death associated with any of the strains over the 28-hour period (Figure 1C). For the mass spectrometry experiments, we omitted antibiotic treatments for the killing of extracellular bacteria, which could result in confounding factors in this experimental design. Instead, extracellular bacteria were removed by multiple washes. The number of remaining bacteria was enumerated by CFU and a two log decrease of extracellular bacteria was observed (Figure 1D). Mycobacterial uptake was measured by plating intracellular bacteria at 4 hours, 18 hours and 28 hours to rule out uptake of the residual extracellular mycobacteria during the incubation period. The intracellular bacterial load remained steady across the time points and no significant differences were detected, thereby indicating little to no ongoing uptake within the time frame of this experiment (Figure 1E). The percentage uptake from the original titre at 4 hours after infection was 10-15% for all strains, with no significant difference between strains (Figure 1F). Lastly, an MTT assay was used to determine macrophage viability at 18 hours post-infection. A decrease in THP-1 viability between infected and uninfected states was observed (Figure 1G). However, no statistically significant differences in cell death were observed in macrophages infected with the different strains (Data Sheet 1 and Table S1). These experiments demonstrate similar growth of M. tuberculosis Δppe38-71 and wild type in vitro. The Δppe38-71 mutation does not alter macrophage viability compared to wild type, nor is intracellular survival of M. tuberculosis Δppe38-71 affected compared to wild type in our experimental conditions. These experiments indicated that abrogation of PE-PGRS/PPE-MPTR secretion to the extracellular milieu does not cause the macrophage to clear the mycobacterial infection or succumb to it. However, given the immunogenic nature of the PE-PGRS and PPE-MPTR proteins some effect is to be expected upon loss of their secretion (28, 29). We therefore investigated the proteome response of THP-1 macrophage-like cells to infection with M. tuberculosis CDC1551, Δppe38-71 and the complemented strain.



Label-Free Proteomics Reveals Time-Dependent Differences in Pro-Inflammatory Responses in Macrophages When Exposed to M. tuberculosis Strains Lacking PPE38-and PPE38 Controlled Proteins

Whole-cell lysates were harvested from infected macrophages at 4 hours and 18 hours post-infection and analysed by label-free mass spectrometry. A total of 2052 confident protein groups (FDR < 1%) were identified after filtering for two unique peptides and a minimum of two values per replicate in at least one of the groups. The label-free quantification (LFQ) algorithm in MaxQuant was used for relative protein quantification, and no differences in the mean distribution of intensity values were observed (Supplementary Figure S1A). Principal component analysis (PCA) of LFQ intensities was used to determine clustering within and between replicates of each test group at each time point. No distinct clustering was observed at the 4 hours time point (Supplementary Figure S1B), indicating that early innate immune responses are similar between macrophages infected with the different strains. However, a clear separation of the groups could be observed at the 18-hour time point in the first component, indicating that the majority of the variation is due to strain-specific features (Supplementary Figure S1C). The same analysis of the temporal macrophage responses within the groups at different time points also revealed separation in the first component (Supplementary Figures S2D–F).

Next, we determined the differentially regulated proteins in the infected THP-1 macrophage-like cells. There was no significant difference in protein expression between M. tuberculosis CDC1551 and Δppe38-71 infected macrophages at 4 hours post-infection (Figure 2A). At 18 hours post-infection, a total of 39 proteins were downregulated in macrophages infected with M. tuberculosis Δppe38-71 compared to M. tuberculosis CDC1551, while 11 proteins were upregulated (Figure 2B). Furthermore, macrophages infected with M. tuberculosis CDC1551 had an increased temporal cytokine expression profile, where the majority of the 39 upregulated proteins were involved in the expression of proteins associated with a pro-inflammatory response (Figures 2C, G). In contrast, M. tuberculosis Δppe38-71-infected macrophages had a remarkably low pro-inflammatory response to infection relative to wild type-infected macrophages (Figures 2D, G). Macrophages infected with the complemented strain displayed largely a similar temporal profile as those infected with M. tuberculosis Δppe38-71 (Figures 2E, F). This may be due a number of reasons, the most likely candidates involving the promotor or the physiological state of the bacteria upon infection. As the hsp60 promotor is constitutively expressed and at high amounts it is unlikely that the lack of complementation in the macrophage is due to a lack of protein products from the ppe38-71 operon (31). We do indeed observe greater variability within the replicates of the complement strain which likely results in reporting of non-significant results from hypothesis testing (Supplementary Figures S1C, F). Finally the PE-PGRS proteins are cell surface proteins and the presence of detergent is known to influence the mycobacterial capsule (9, 32, 33). Thus, the physiological state of the bacteria may be altered due to the presence of detergent in the culture media prior to infection. To gain more insight, we examined the expression of individual proteins and observed at least partial complementation in, among others, interleukin 1 Beta (IL-1B), nuclear factor kappa B (NF-kB) 2 and ‘-5’-oligoadenylate synthase 2 (OAS2) as indicated by individual fold change values (Figure 2G, Data Sheet 1 and Table S2). Lastly, gene set enrichment analysis of the differential response at 18 hours post infection between M. tuberculosis CDC1551 and Δppe38-71-infected macrophages indicated NF-kB signalling as the most enriched pathway (Supplementary Figure S2A). Furthermore, key proteins that were differentially regulated during infection with these strains included IL-1B (Supplementary Figure S2B), NF-kB 2 (Supplementary Figure S2C), retinoic acid-inducible gene I (Rig-I/DDX58) (Supplementary Figure S2D) and Interferon stimulated gene 15 (ISG15) (Supplementary Figure S2E), indicative of both altered interleukin and interferon responses, all of which can be controlled by NF-kB signalling.

While we could not definitively state that the major response observed here is driven by the ppe38-71 deletion, we do observe distinct trends in certain key proteins associated with an inflammatory response. These observations suggest a role for NF-kB signalling based on enrichment analysis of the significantly regulated proteins, which may shed light on the low inflammatory response of the macrophage to M. tuberculosis Δppe38-71. Initiating an inflammatory response is an energy-intensive process and requires upregulation of multiple target proteins and thus increased transcription and translation. To maintain a balance in the proteome, proteins need to be degraded in relation to this increased synthesis (34–36). This phenomenon is known as protein turnover. To further corroborate our findings, the protein turnover of macrophages infected with the different strains, as well as an uninfected control was determined.



Proteostasis Is Affected by the Presence of PPE38-Controlled Proteins

Pulse-chase stable isotope labelling by amino acids in cell culture (pSILAC) can be used to determine protein turnover, and thus proteostasis, of an organism by mass spectrometry (25, 37, 38). Terminally differentiated THP-1 cells are unable to replicate and thus do not naturally dilute the proteins by division, providing a useful model for studying protein homeostasis. THP-1 macrophage-like cells infected with the M. tuberculosis CDC1551, Δppe38-71 and complemented strains, as well as control uninfected macrophages, were sampled at multiple time points to determine protein turnover in response to infection (Supplementary Figure S3A). A total of 1257 protein half-lives were calculated across all four conditions, after filtering for two unique peptides, the presence of a heavy/light ratio in at least three time points and a coefficient of determination (R2) greater than 0.85 (Data Sheet 1 and Table S3).

The percentage of heavy amino acid (lysine and arginine) incorporation increased linearly over time to a maximum of 30% incorporation in all conditions (Supplementary Figure S3B). Interestingly, no shift in the distribution of protein half-lives occurred between any of the conditions (Supplementary Figure S3C). Half-lives were highly correlated within the conditions with coefficients of determination (R2) values found to be 0.92 between M. tuberculosis Δppe38-71 and M. tuberculosis CDC1551-infected macrophages (Supplementary Figure S3D), and between macrophages infected with M. tuberculosis CDC1551 or the complemented strain (Supplementary Figure S3E). The R2 values of half-lives from uninfected macrophages compared to M. tuberculosis CDC1551 were only marginally less than that of the uninfected counterparts (Supplementary Figure S3F). This was surprising, as it was expected that less correlation would be observed between infected and uninfected macrophages due to increased protein synthesis during infection.

As no overall differences were observed when analysing global protein turnover rates, we used hierarchical clustering to assign proteins with correlated half-lives to distinct clusters. The protein turnover profiles between the uninfected cells and M. tuberculosis CDC1551-infected macrophages showed the greatest differences (Figure 3A). The individual proteins grouped into two distinct clusters, where shifts in the marginal means were primarily driven by M. tuberculosis CDC1551 (Figures 3B, C). Deviations of marginal means, the mean half-life of each protein from each group, in response to infection reflect similar trends to those observed in the protein expression profiles. The response to infection with M. tuberculosis CDC1551 compared to the uninfected control acts as the driver that separates cluster 1 and 2. While infection by the M. tuberculosis Δppe38-71 strain has an effect on the protein half-lives compared to uninfected, it is not as pronounced as that observed for wild type. This is in line with our protein expression results where a modest change was observed during infection. Furthermore, these clusters represent either an increase (cluster 1) or decrease (cluster 2) in protein half-lives and these clusters were used for pathway enrichments. The enrichments indicate that half-lives associated with cluster 1 are involved in proteome integrity and maintenance, while those associated with cluster 2 are involved in the inflammatory response (Figure 3D). Taken together, macrophages infected with M. tuberculosis CDC1551 induce robust inflammatory responses, with dynamic shifts in both expression and half-life. However, these effects are less pronounced when challenged with M. tuberculosis Δppe38-71. As in our other proteomics experiments, the complemented strain clustered closer with M. tuberculosis Δppe38-71 infections than infection by CDC1551 and all infections were distinct from the uninfected profile.



Protein Half-Life Differences Between M. tuberculosis CDC1551- and Δppe38-71-Infected Macrophages Point to an Altered Pro-Inflammatory Response

To further investigate the effect of protein half-lives of infected macrophages, the differential turnover of individual proteins was assessed using hypothesis testing. The protein half-lives were filtered prior to statistical testing to remove all missing values from the test groups. From these tests, we identified 24 proteins with differentially regulated half-lives between M. tuberculosis CDC1551 and M. tuberculosis Δppe38-71 (Figure 4A) as well as 10 differentially regulated half-lives between M. tuberculosis CDC1551 and macrophages infected with the complemented strain (Figure 4B). Of these proteins, 17 were unique to macrophages infected with M. tuberculosis Δppe38-71 compared to M. tuberculosis CDC1551-infected macrophages, and three were unique to macrophages infected with the complemented strain compared to M. tuberculosis CDC1551-infected macrophages. Seven proteins were shared between these conditions (Figure 4C). While some proteins are complemented, a similar trend as with the label-free comparisons is observed (Data Sheet 1 and Table S4).

The proteins displaying differential half-lives in the M. tuberculosis Δppe38-71 infected compared to M. tuberculosis CDC1551-infected macrophages were split into upregulated (slower turnover than in M. tuberculosis CDC1551-infected macrophages) and downregulated proteins (faster turnover). These proteins were used for KEGG pathway analysis and showed enrichment of fatty acid degradation pathways in the slower protein turnover cluster. Interestingly, Th1/Th2 cell differentiation was enriched in the faster turnover cluster (Figure 4D). From the hypothesis test, a number of immune-related proteins displayed differential half-lives. Proteins such as PSMA4, Stat-1 and Tapasin had a rapid turnover in M. tuberculosis CDC1551-infected macrophages compared to the other conditions (Supplementary Figure S4A). These proteins are involved in MHC class I presentation in the case of PSMA4 and Tapasin, or inflammatory cell signalling which is mediated by Stat-1. Interestingly, modulation of the MHC class I antigen presentation pathway by PPE38 has been demonstrated previously (39). Furthermore, proteins affecting innate immunity with slow turnover in M. tuberculosis CDC1551-infected macrophages included Glyoxalase I and Leukosialin (Supplementary Figure S4B). The glyoxalases are used for the detoxification of α-oxaldehydes, in particular methylglyoxal, in eukaryotic cells (40–42). Increased methylglyoxal can be produced by excess glucose or lack of phosphates by interfering with the glycolysis pathway and lead to the production of advanced glycation endproducts (AGE) (43). In turn AGE can stimulate the NF-kB pathway resulting in M1 polarization of the macrophage (44). As we see a clear inflammatory response in CDC1551-infected macrophages we expect an increase in the half-life of glyoxalase in order to cope with the detoxification of MG. Likewise, Leukosialin (CD43) is a cell surface protein that has been shown to interact with M. tuberculosis Cpn60.2 to induce TNF-α production (45), however, its expression can also commit T-cells to Th1 a response (46, 47).

Taken together, there is a robust macrophage response to infection with M. tuberculosis CDC1551 while little to no response is observed when challenged with Δppe38-71. Mixed results were observed for macrophages infected with the complemented strain thus obscuring the effect and requiring further investigation into the root cause of this differential phenotype. Based on our observations thus far it is certain that infection by the M. tuberculosis CDC1551 strain is stimulating the pro-inflammatory pathways of THP-1 macrophage-like cells. This is the expected response to infection by bacteria; however this result is not observed to the same extent when challenged with M. tuberculosis Δppe38-71. The loss of PPE38 controlled PE-PGRS proteins eliminate a number of PAMPs which may explain this observation, however the complementation does not fully restore the macrophage responses, which obscures the result.



M. tuberculosis Δppe38-71 Is Only Partially Complemented In Vitro and Complementation Is Detergent Dependent

The mixed response observed in the THP-1 macrophage-like cells infected with the complemented strain prompted us to further investigate possible differences between the bacilli under different growth conditions. For this, we analysed the proteome and secretome profiles of the different M. tuberculosis strains in vitro. As shown above, the PE-PGRS secretion phenotype is complemented at day four of in vitro growth (Figure 1A) and there are no significant differences in optical density at this time point (Figure 1B). We, therefore, sampled whole-cell lysates and supernatants from four-day-old cultures, which reflects the state of the strains used for infection. As PE-PGRS proteins are associated with the cell surface and thus susceptible to detergents, we removed Tween-80 by sequential washing and allowed all three strains to grow for an additional four days to represent a detergent-free supernatant. We found no clear separation between strains from the whole-cell lysate fraction (Figure 5A) in the first principal component, thus indicating minimal global variation between strains. However, separation in the first principal component could be observed in supernatant samples from mycobacteria cultured in Tween-80, and the complemented strain clusters with the Δppe38-71 strain (Figure 5B). Interestingly, the secretome profile of the complemented strain clusters closer to M. tuberculosis CDC1551 when detergent is omitted from the culture supernatants (Figure 5C). Western blots of all three fractions were used to determine the localisation and presence of PE-PGRS proteins in these samples. We found the majority of PE-PGRS proteins in the supernatants containing detergent (detergent fraction) and no PE-PGRS proteins in the detergent-free supernatants (Figure 5D).

Comparison of differential protein expression in the whole-cell lysates between M. tuberculosis CDC1551 and M. tuberculosis Δppe38-71 or the complemented strain revealed only two differentially regulated proteins below a q-value cut off set to 0.05, one of which was PPE71 (Data Sheet 1 and Table S5). However, when comparing the detergent fraction of M. tuberculosis Δppe38-71 to M. tuberculosis CDC1551, downregulation of multiple PE/PPE proteins was observed (Figure 5E, Data Sheet 1 and Table S6). Complementation of this phenotype was observed, but partial, as many of the PE/PPE proteins still showed significantly different protein abundance relative to M. tuberculosis CDC1551 (Figure 5F, Data Sheet 1 and Table S6). Finally, comparisons of the detergent free fraction of M. tuberculosis Δppe38-71 to M. tuberculosis CDC1551 had a total of 142 differentially regulated proteins, 22 of which were downregulated and 120 were upregulated (Supplementary Figure S5A, Data Sheet 1 and Table S7). Complementation in the detergent-free fraction was much more pronounced with 7 proteins significantly upregulated and 2 proteins significantly downregulated as compared to M. tuberculosis CDC1551 (Supplementary Figure S5B, Data Sheet 1 and Table S7). However, the PE/PPE proteins did not feature prominently within this fraction and are likely associated with the cell surface.

These results show that the PE-PGRS and PPE-MPTR proteins are indeed expressed in the complemented strain as indicated in Figure 1A, however to a lesser extent than in wild type. As this represents the state used for infection, it is likely that the lack of full complementation stems from the culturing conditions prior to infection. To corroborate our infection proteomics findings, cell-free supernatants from detergent-free cultures (Figures 5E, F) were used to stimulate differentiated THP-1 macrophage-like cells. As pro-IL-1B was the most differentially regulated protein, we probed for expression of this protein by Western blot 18 hours after stimulation and found similar differential regulation as observed in our infection proteomics data (Supplementary Figure S5C). Macrophages stimulated with M. tuberculosis CDC1551 supernatants displayed a significantly higher IL-1B expression compared to Δppe38-71, and this phenotype was partially complemented (Supplementary Figures S5D, E).

By analysing the spatial distribution of proteins in M. tuberculosis cultures at their metabolic state before infection, we could show that complementation of PE-PGRS secretion was not fully restored prior to infection in the complemented strain (Figures 5E, F). However, the PE-PGRS secretion can be restored in the complemented strain when detergent is omitted, which is likely due to the surface localisation of PE/PPE proteins that are detached in the presence of detergent. By stimulating macrophages with cell-free supernatants, representing a high or low abundance of PE/PPE proteins, we could show differential regulation of IL-1B similar to infection with live M. tuberculosis CDC1551 and Δppe38-71 strains. As seen in Figure 5, the composition of the M. tuberculosis Δppe38-71 secretome relative to M. tuberculosis CDC1551 is a complex mixture of differentially secreted proteins not only limited to PE/PPE proteins. However, the most down-regulated proteins are indeed PE/PPE proteins, with members from both the PE-PGRS and PPE-MPTR sub-families (Figure 5E and Data Sheet 1: Table S6). It is thus likely that our observations are driven not by PPE38 alone but rather a physiological state, created by the absence of PPE38, where a group of PE/PPE proteins are acting as the effectors of PPE38 and mediating a response.



Both RelB and NF-kB p50 Are Translocated to the Nucleus of M. tuberculosis Δppe38-71 Infected Macrophages

NF-kB signalling regulates inflammatory responses in innate immune cells after receptor engagement with PAMPs. NF-kB subunits can be localised in the cytosol as inactive transcription factors or can be activated and translocated to the nucleus (Figure 6A) (48). We further investigated both NF-kB1 and NF-kB2, representing canonical and non-canonical NF-kB signalling pathways, respectively. The canonical NF-kB1 p105 and p50 subunits were detected in all tested conditions (Figure 6B, NF-kB1). Little to no cleavage of NF-kB2 was observed at 18 hours post-infection in any of the conditions (Figure 6B, NF-kB2 p52). Upregulation of the p100 subunit and pro-IL-1B (Figure 6B, NF-kB2 p52; IL-1B) was observed for M. tuberculosis CDC1551-infected macrophages. This is congruent with our other observations and indicative of a pro-inflammatory response in CDC1551-infected macrophages (49). Furthermore, our proteomics results suggest an increased interferon signalling in M. tuberculosis CDC1551-infected macrophages. We used ISG15 as our downstream target to validate these results and indeed found upregulation of ISG15 in M. tuberculosis CDC1551-infected macrophages at 18 hours compared to other conditions. We did not directly observe the STING pathway in the proteomics results, but did observe evidence for RIG-I induction. However, the interferon pathway is reportedly stimulated by STING in macrophages infected with M. tuberculosis (50). We therefore used Western blotting to validate expression levels of this receptor and found no differences in RIG-I expression in any of the infection conditions (Supplementary Figure S6). This suggests that the RIG-I is not responsible for the differential ISG15 expression, which is in line with other observations (50).

Based on these results, M. tuberculosis CDC1551 is triggering the canonical inflammatory NF-kB pathway. Activation of NF-kB1 and/or NF-kB2 results in the translocation of either RelA or RelB, respectively. These Rel proteins act as the effectors of this pathway and initiate transcription of target genes, depending on the required immune response. Previous studies have shown increased NF-kB1 p50 levels in the nucleus of murine macrophages infected with wild type M. marinum compared to a ppe38 transposon mutant (17). While a different technique and model organism was used, this result is in line with our observations. However, it remains unclear whether M. tuberculosis Δppe38-71 reduces or entirely inhibits canonical NF-kB signalling or whether it induces an alternative signalling pathway.

To further investigate the activation of NF-kB signalling in infected macrophages, we used confocal microscopy to determine RelA and RelB nuclear translocation in infected macrophages. RelA translocation was observed in macrophages infected with M. tuberculosis CDC1551 and in macrophage infected with the complemented strain after 18 hours of infection (Figures 7A, C). However, in contrast, no RelA translocation was observed for macrophages infected with the Δppe38-71 strain (Figure 7B) or the uninfected control (Supplementary Figure S7A). This result was surprising as it was expected that the inflammatory response would be triggered by RelA translocation, although perhaps to a limited extent as compared to M. tuberculosis CDC1551-infected macrophages. The absence of RelA translocation in the M. tuberculosis Δppe38-71 infected macrophages prompted us to investigate RelB translocation. While no RelB translocation was observed for M. tuberculosis CDC1551- infected macrophages or uninfected control (Figure 7D and Supplementary Figure S7B), RelB did indeed translocate to the nucleus in M. tuberculosis Δppe38-71 infected macrophages (Figure 7E). We also observed translocation of RelB in the complemented strain-infected macrophages (Figure 7F), however, to a lesser extent than in M. tuberculosis Δppe38-71 infected macrophages (Figure 7I). The duality of the translocation events observed for the complemented strain was an interesting observation, which could give an additional explanation as to why partial restoration of the inflammatory phenotype is observed. Macrophages infected with the complemented strain seemingly mimic both the wild type, in RelA translocation, and the Δppe38-71 phenotype, in RelB translocation. This, in turn, may result in differential cytokine release on a per-cell basis. Finally, low transient levels of RelB translocation was observed in macrophages infected with the complemented strain (Figure 7I). This phenomenon is consistent with other observations and likely due to poor binding of IkB-α allowing for transient movement to the nucleus for RelB complexes (51–53).

Translocation of RelB suggests that M. tuberculosis Δppe38-71 stimulates the non-canonical NF-kB pathway, which can cause a slow, yet persistent, inflammatory response instead of a burst response (54). However, we did not observe upregulation of the p52 non-canonical partner in M. tuberculosis Δppe38-71 infected macrophages. Furthermore, slow and persistent inflammation should accumulate IL-1B over time, yet a downregulation of this cytokine was observed. Nonetheless, the p50 subunit was available as a potential partner for translocation. Based on our observations in both mass spectrometry, Western blots and microscopy, macrophages infected with M. tuberculosis CDC1551 are signalling through the canonical pathway characterised by RelA and p50 translocation. The translocation dynamics of macrophages infected with M. tuberculosis Δppe38-71 strain is however unclear. To rule out the non-canonical pathway, macrophages were infected with M. tuberculosis Δppe38-71 and probed for translocation of p50 and p52 at 18 hours post-infection. No translocation of the non-canonical NF-kB2 p52 subunit was observed (Figure 7G), while the canonical NF-kB1 p50 subunit was found to localise to the nucleus (Figure 7H). No noticeable translocation of either p50 or p52 was observed in the uninfected THP-1 macrophage-like cells (Supplementary Figures S7C, D). This indicates that infection with M. tuberculosis Δppe38-71 causes translocation of RelB/p50 complexes (Supplementary Figure S7E), which has been shown to be associated with anti-inflammatory responses (55–57).



Less IL-12p70 Is Found in Supernatants of M. tuberculosis Δppe38-71 infected macrophages at 48 hours post-infection

Pro- and anti-inflammatory macrophage responses are characterised by the secretion of specific cytokines. Examples include the secretion of IL-12p70 as a marker for the pro-inflammatory response and IL-13 to represent the anti-inflammatory response (58). Macrophages were incubated for 48 hours to examine the delayed inflammatory response during infection with M. tuberculosis Δppe38-71. We found a greater abundance of IL-12p70 in M. tuberculosis CDC1551 and complement-infected macrophages relative to the M. tuberculosis Δppe38-71 infected, and uninfected control macrophages (Figure 8A). This differential secretion pattern indicates that 48 hours post-infection the macrophages have still not launched a strong inflammatory response to the M. tuberculosis Δppe38-71 strain as compared to M. tuberculosis CDC1551. There was also no significant difference in the secretion of IL-12p70 in M. tuberculosis Δppe38-71 infected macrophages when compared to the uninfected control (Figure 8A and Data Sheet I: Table S8). In contrast to this, IL-13 displayed the opposite pattern with less IL-13 present in the supernatant of M. tuberculosis CDC1551 and complement-infected macrophages compared to macrophages infected with M. tuberculosis Δppe38-71 (Figure 8B).

Taken together, these results indicate that the PE/PPE proteins controlled by PPE38 have an effect on modulating macrophage responses through NF-kB signalling. THP-1 macrophage-like cells infected with M. tuberculosis CDC1551 are exposed to substantially more PAMPs as seen in Figure 5E and thus a canonical RelA/NF-kB1 p50 pathway is initiated resulting in a strong pro-inflammatory response (Figure 8C). However, in the absence of PPE38 and its effectors, RelB/p50 translocates to the nucleus and likely dampens this response, resulting in an anti-inflammatory phenotype over time (Figure 8D).




Discussion

M. tuberculosis can influence disease outcome by altering protective host innate immune responses. However, the effector molecules involved in host-pathogen interactions and altered host responses remain ill-defined. It was previously demonstrated that deletion of ppe38-71 in M. tuberculosis resulted in increased virulence in a murine infection model (13). In this study, we investigated the role of M. tuberculosis Δppe38-71 in the context of host-pathogen interactions to identify the mechanisms associated with increased virulence. An important observation made here is that the PE-PGRS and PPE-MPTR proteins controlled by PPE38 are responsible for driving altered macrophage responses. These proteins are unique to pathogenic mycobacteria and several authors have proposed a role for PE-PGRS and PPE-MPTR proteins in host-pathogen interactions (7).

Infection of macrophages with wild type M. tuberculosis CDC1551 results in increased expression of pro-inflammatory cytokines and chemokines, specifically, upregulation of pro-IL-1B, several interferon-inducible proteins (ISG15, IFIT1, IFIT2, IFIT3, IFIH1 and MX1) and rapid recycling of components associated with IL-12 signalling. Conversely, deletion of ppe38-71 in M. tuberculosis resulted in a dampened innate immune response in infected macrophages, where IL-1B was found to be downregulated over time. This shift away from a pro-inflammatory response was observed in both temporal label-free proteomic analysis as well as protein turnover analysis using pulse SILAC labelling. However, there seems to be a disparity in the cytokine signalling of dendritic cells and macrophages when infected with ppe38 mutants in the current literature. After overnight stimulation of murine dendritic cells with M. tuberculosis CDC1551, M. tuberculosis Δppe38-71 and the complemented strain there was no significant difference observed in supernatant IL-12p40/70, IL-6 and TNF-α (18). In contrast, there is a stark difference in IL-6 and TNF-α levels found in macrophages infected with the M. marinum wild type and a ppe38 transposon mutant strain (16). In the latter case, TNF- α is lower in macrophages infected with a M. marinum ppe38 transposon mutant compared to wild type at both 24 and 48 hours post infection. We did not assay for IL-6 or TNF- α, however from our cytokine assay we find less IL-12p70 in the supernatant of macrophages infected with M. tuberculosis Δppe38-71. Notably the difference in abundance of IL-12p70 detected in this study could easily be influenced by various factors such as cell type, MOI and timeframe in comparison to the levels measured in dendritic cells (18).

Macrophages challenged with concentrated supernatants from each strain showed the same regulation of IL-1B as during live mycobacterial infections. Here it was demonstrated that the deletion of the ppe38-71 operon has farther reaching consequences to the cell than only this protein or even the PE-PGRS proteins. It is thus likely not one single protein is driving the macrophage response but a conglomerate of proteins representing a physiological state upon deletion of the ppe38-71 operon. Many of the PE/PPE proteins have unknown functions, however, multiple studies have shown that these proteins are upregulated during macrophage infection (59–61) and are highly immunogenic (62). In Figure 5E several PE/PPE proteins were identified as being controlled by PPE38 and these are the likely candidates for intracellular effector proteins. Notably, PPE10 was represented in this cluster and has been implicated in the disruption of M. marinum capsule integrity, altering colony morphology and attenuation of virulence in zebrafish (63). As PPE10 was one of the most downregulated proteins in the M. tuberculosis Δppe38-71 strain, it is likely similar phenotypes can be expected from PPE38 knock outs. However, no morphology differences were visible in M. tuberculosis Δppe38-71, although the upregulated proteins in Figure 5E were associated with intracellular proteins. While not definitive, this gives some indication of a damaged cell wall. Interestingly, M. marinum ppe38 transposon mutants demonstrate a visible change in colony morphology (16). It is as of yet unclear whether this is due to differential regulation of PPE10 by proxy of PPE38. Nevertheless, drawing this conclusion seems likely given the evidence. Taken together, the in vitro profile of M. tuberculosis Δppe38-71 prior to infection indicates decreased levels of multiple virulence factors known to induce pro-inflammatory responses in macrophages. Based on these results it is likely not one protein that drives the effect but many proteins that are altered due to the loss of the ppe38-71 operon.

Functional enrichments revealed altered NF-kB signalling between macrophages infected with M. tuberculosis CDC1551 and those infected with M. tuberculosis Δppe38-71. Canonical NF-kB signalling is partly responsible for the induction of pro-inflammatory responses and is characterised by the translocation of the RelA protein along with the NF-kB1 subunit in a RelA/p50 complex (49). This canonical signalling pathway is induced during infection with M. tuberculosis CDC1551. In contrast, infection by M. tuberculosis Δppe38-71 stimulated the signalling of a different NF-kB pathway where RelB and p50 are translocated to the nucleus. A multi-organ inflammatory response observed in mice with a RelB(-/-) knock out was aggravated in a RelB(-/-)/p50(-/-) double knock out (55, 64). This phenotype indicates that inflammation is controlled by the RelB/p50 pathway and is likely used to limit excessive inflammation during activation of the canonical NF-kB pathway. Furthermore, a study investigating responses in dendritic cells and macrophages stimulated with LPS has shown that the RelB/p50 pathway inhibits TNF-α production by modulating the canonical pathway (57). We have shown that in the absence of PPE38, this pathway is activated in infected THP-1 macrophage-like cells, which provides a molecular mechanism that could be used by M. tuberculosis to drive switching of inflammatory states in macrophages during infection. In addition, differential localisation of NF-kB subunits has also been previously reported for an M. marinum ppe38 transposon mutant as revealed by spatial proteomics (16, 17).

Based on the results reported here and by others, the secretion of PPE38-dependent proteins to the extracellular milieu, where these proteins are able to interact with host proteins, can initiate a differential inflammatory cascade. In the absence of these effectors, immune dampening is observed mediated by RelB as the likely molecular switch. Th ppe38-71 region is indeed a hotspot for evolutionary activity which includes recombination events, truncations, gene fusion formation and more recently a source for phenotype sharing as a donor for horizontal gene transfer (65–68). Thus, a natural deletion of the ppe38-71 operon can confer an evolutionary advantage by dampening the innate immune response and possibly by providing a downstream molecular mechanism for controlling macrophage polarisation states. A bacterial mechanism to dampen macrophage responses and switch the polarisation state has been shown to be mediated by effectors of the Spi-2 secretion system in Salmonella (69). Early investigations into M. tuberculosis HN878, a member of the lineage 2 isolates of M. tuberculosis, demonstrated increased virulence associated with the failure to stimulate Th1 responses (70), similar to the observations made in this study. Interestingly, the same study found that a lack of a pro-inflammatory response was associated with an increased induction of type I interferons (70). In this study we observe increased ISG15 expression, which we speculate may be as a result of the induction of the STING pathway (50). The increased production of ISG15 may partly or wholly be caused by an increase in type I interferons elicited by the ppe38-71 mutant (71). It was further demonstrated that the decreased inflammatory response was associated with the presence of a phenolic glycolipid on the cell surface of M. tuberculosis HN878 (72). This phenolic glycolipid is synthesised by an intact copy of the pks15/1 gene found in a subset of lineage two isolates (72). Later studies investigated whether an intact pks15/1 gene confers the same hypervirulence, low inflammatory response phenotype regardless of the genetic background. The authors found that the phenolic glycolipid can act to modulate the host cytokine response but does not directly extend to a hypervirulent phenotype (73). The authors further speculate that the phenolic glycolipid forms a part of a greater genotypic and phenotypic profile of the lineage 2 strains to confer the dampened immune response and hypervirulence (73). Interestingly, we have previously found that the ppe38-71 deletion occurs overwhelmingly within the lineage two isolates (13, 68). Furthermore, other studies have demonstrated an increase in virulence of lineage 2 isolates with a naturally occurring ppe38-71 deletion; this virulence was partially mitigated by the heterologous introduction of this operon (13). Taken together, it is likely that the ppe38-71 mutation, in part, plays a role in the increased virulence associated with the lineage two isolates of M. tuberculosis by inducing a more permissive environment for bacterial growth during infection. This is supported by the observation that a ppe38-71 deletion mutant showed increased bacterial load at later stages of infection in mice compared to the wild type parental strain (13). Interestingly, a recent study demonstrated a similar response in IL-1B modulation, where clinical isolates that induce lower levels of IL-1B were able to successfully evade the macrophages response through decreased inflammasome activation (74). Furthermore, isolates that were associated with severe tuberculosis in patients presented with lower cytokine responses in infected peripheral blood monocytes (74). This shows that M. tuberculosis is capable of modulating the inflammatory response through multiple molecular mechanisms and does so by selecting for genomic variation that results in decreased inflammatory responses and increased pathogenicity.

In conclusion, we have used complementary mass spectrometry-based approaches along with follow-up validation to elucidate the role of PPE38-controlled proteins in host-pathogen interactions. Wild type M. tuberculosis CDC1551 strains induced the canonical NF-kB pathway to stimulate pro-inflammatory responses in infected human macrophages, whereas in the absence of PPE38-controlled PE-PGRS and PPE-MPTR proteins the alternative RelB/p50 NF-kB pathway is induced. This results in an anti-inflammatory phenotype where the macrophages fail to launch an appreciable pro-inflammatory response. Future experiments will have to identify which PE-PGRS and/or PPE-MPTR protein plays a key role in the RelB-mediated switch between macrophage polarisation states that can influence the infectious process.
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Mycobacterium tuberculosis (M. tb) is an intracellular pathogen that exploits moonlighting functions of its proteins to interfere with host cell functions. PE/PPE proteins utilize host inflammatory signaling and cell death pathways to promote pathogenesis. We report that M. tb PE6 protein (Rv0335c) is a secretory protein effector that interacts with innate immune toll-like receptor TLR4 on the macrophage cell surface and promotes activation of the canonical NFĸB signaling pathway to stimulate secretion of proinflammatory cytokines TNF-α, IL-12, and IL-6. Using mouse macrophage TLRs knockout cell lines, we demonstrate that PE6 induced secretion of proinflammatory cytokines dependent on TLR4 and adaptor Myd88. PE6 possesses nuclear and mitochondrial targeting sequences and displayed time-dependent differential localization into nucleus/nucleolus and mitochondria, and exhibited strong Nucleolin activation. PE6 strongly induces apoptosis via increased production of pro-apoptotic molecules Bax, Cytochrome C, and pcMyc. Mechanistic details revealed that PE6 activates Caspases 3 and 9 and induces endoplasmic reticulum-associated unfolded protein response pathways to induce apoptosis through increased production of ATF6, Chop, BIP, eIF2α, IRE1α, and Calnexin. Despite being a potent inducer of apoptosis, PE6 suppresses innate immune defense strategy autophagy by inducing inhibitory phosphorylation of autophagy initiating kinase ULK1. Inversely, PE6 induces activatory phosphorylation of autophagy master regulator MtorC1, which is reflected by lower conversion of autophagy markers LC3BI to LC3BII and increased accumulation of autophagy substrate p62 which is also dependent on innate immune receptor TLR4. The use of pharmacological agents, rapamycin and bafilomycin A1, confirms the inhibitory effect of PE6 on autophagy, evidenced by the reduced conversion of LC3BI to LC3BII and increased accumulation of p62 in the presence of rapamycin and bafilomycin A1. We also observed that PE6 binds DNA, which could have significant implications in virulence. Furthermore, our analyses reveal that PE6 efficiently binds iron to likely aid in intracellular survival. Recombinant Mycobacterium smegmatis (M. smegmatis) containing pe6 displayed robust growth in iron chelated media compared to vector alone transformed cells, which suggests a role of PE6 in iron acquisition. These findings unravel novel mechanisms exploited by PE6 protein to subdue host immunity, thereby providing insights relevant to a better understanding of host–pathogen interaction during M. tb infection.
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Introduction

M. tb is the etiological agent of tuberculosis (TB) that remains the world’s most deadly infectious disease with the notorious distinction of being among the top ten causes of death worldwide. TB is a global pandemic, with the World Health Organization reporting 10 million infections and 1.4 million deaths in 2019 worldwide, with 21% (0.46 million) cases being drug-resistant TB (1). The co-occurrence of TB with the Human Immunodeficiency Virus and the emergence of multidrug-resistant, extensive-drug-resistant, and totally-drug-resistant strains are serious concerns and need urgent attention to curb this deadly menace (2). Recently, new vaccine development with novel modifications in the century-old bacille Calmette–Guerin (BCG) vaccine appears to increase its efficacy (3). Therefore, identification and characterization of virulence determinants of M. tb that play critical roles in immune responses and host–pathogen interaction are urgently warranted to get better insights to combat this deadly menace (4).

The sequencing of the M. tb genome in 1998 by Cole et al. identified an exciting family of genes, the Proline–Glutamic acid/Proline–Proline–Glutamic acid (PE/PPE) gene, family. These genes account for approximately 10% of the whole M. tb genome and are present preferentially in the pathogenic, slow-growing strains. Their name is derived from the conserved N-terminal amino acid sequence of Proline–Glutamic acid/Proline–Proline–Glutamic acid (PE/PPE) residues (5). Due to their exclusive presence in the virulent mycobacterial species, there has been a growing interest in understanding their role and action mechanism during M. tb infection. These proteins have been implicated in providing antigenic variation, immune evasion, virulence, and modulating the host cell death pathways (6, 7), contributing to the pathogen’s survival (8). Earlier reports suggested that PE/PPE proteins play a critical role in mycobacterial persistence and survival under stress conditions encountered in the host cell, including low pH and higher oxidative stress. The upregulation of PE3 and PE35 has been observed during persistence within the macrophages (6, 9, 10). Recombinant M. smegmatis containing PE11 has been reported to enhance survival within the macrophages. Numerous PE/PPE proteins have been shown to modify the cell wall assembly of the M. tb (6).

The sophisticated cell wall is a significant source of virulence factors and a principal constituent to survive under extremely harsh conditions encountered in the host cells. The role of these cell wall-modifying proteins in pathogen survival has also been investigated. PE11 has been reported to modify the cell wall’s lipid composition, thereby imparting resistance against various stresses and antibiotics to the recombinant M. smegmatis harboring PE11 compared to the control strain (6). PE19 has also been shown to modify the cell wall integrity of M. tb and thereby provide resistance to various stress conditions (11). Recently, a novel function of PE/PPE proteins has been deciphered where it has been shown that PE19, together with PPE51, acts as a porin to transport small solutes, i.e., glucose, glycerol, and propionamide. It has also been shown that PE/PPE pair PE20 and PPE31 acts as a transporter to Mg2+. Furthermore, the role of PE19–PPE25 and PE32–PPE65 in the transport and acquisition of inorganic phosphate has been reported. Although M. tb lacks canonical porins, it is hypothesized that these PE/PPE proteins function analogous to porins to transport small molecules and solutes (12, 13).

PE/PPE proteins are usually surface localized, thus possibly at the interface of host–pathogen interaction. In turn, host cells exploit various innate immune pattern recognition receptors to recognize the pathogen or antigens via the pathogen-associated molecular motifs to mount an effective immune response against the invaders (14). In the case of M. tb, PE/PPE proteins are known to be recognized by (Toll-Like-Receptors) TLR4, TLR2, TLR2 in combination with TLR1 or TLR6 and modulate downstream signaling cascade to generate and mount an effective immune response (15). Further, there are numerous reports of modulation of cell death pathways. PE25–PPE41 complex and PE_PGRS33 [polymorphic GC-rich-sequence (PGRS)] are known to induce robust necrosis of the infected macrophages, leading to disseminating the disease (16, 17). Intriguingly, PE_PGRS33 is also known to induce enhanced apoptosis via TLR2/ASK1/p38 or JNK-MAPK pathways (17). The PE9–PE10 complex is known to interact with TLR4 and induce apoptosis in macrophages (18). A critical host defense mechanism, autophagy, is also known to be exploited by bacteria to dampen innate host defenses (19). The M. tb PE_PGRS47 has been shown to inhibit autophagy and Major Histocompatibility Complex II (MHC-II) antigen presentation. It thereby inhibits innate and adaptive immunity to prevent bacteria’s clearance by the host cell (20). The enhanced intracellular survival (Eis) protein of M. tb suppresses innate immunity by inhibiting autophagy and producing proinflammatory cytokines TNF-α and IL-6 and caspase-independent cell death through a redox-dependent mechanism. RipA, a secretory endopeptidase, dampens both autophagy and apoptosis in macrophage cells for intracellular survival and virulence (21, 22). M. tb is known to inhibit autophagy by suppressing autophagosomes’ fusion to lysosomes. Interestingly, avirulent strains such as H37Ra and BCG lack this feature. This autophagy inhibition by M. tb is dependent on ESX-1 type VII secretion and secreted effector ESAT6 protein (23). Moreover, a recent study suggested that two of the anti-M. tb drugs isoniazid and pyrazinamide promote autophagy to potentiate anti-TB potential (24). Apart from modulating autophagy, several of these PE/PPE proteins localize to the host organelles. The PE_PGRS protein PE_PGRS5 localizes to endoplasmic reticulum (ER), whereas PPE protein PPE37 is targeted to the nucleus (25, 26). The PE/PPE family proteins are also known to skew the balance between the Th1 and Th2 T-cell immune responses. We have earlier reported that co-operonic PE32–PPE65 hamper the production of Th1 response (27). Biophysical investigations revealed that this co-operonic interaction involves disorder-to-order transition that impacts inflammatory cytokines production (28).

Here we report the role of PE6 in the regulation of proinflammatory cytokine production through the innate immune receptor TLR4. It induces increased production and membrane organization of TLR4, a hallmark of its activation. PE6 also activates the NFĸB signaling cascade downstream to the TLR4 receptor to maintain a sustained inflammatory response. We demonstrate its spatiotemporal localization into nucleus/nucleolus and mitochondria. Using recombinant M. smegmatis containing pe6, we show that PE6 controls the expression of Nucleolin, indicating possible exploitation of Nucleolin functions to dampen host defenses. We also unravel the opposite role of PE6 in modulating the host cell death pathways, i.e., apoptosis and autophagy. We discerned its role in acquiring iron and enhanced intracellular survival inside macrophages besides possessing DNA binding activity. It appears that PE6 is involved in regulating host–pathogen interaction by regulating multiple host cell functions.



Materials and Methods


Generation of Recombinant Constructs

pe6 gene was cloned into pET-28a and pST-Ki vectors using bacterial artificial chromosome clone (a kind gift from Vinay K. Nandicoorie, NII, New Delhi, India) as a starting material. E. coli and M. smegmatis strain and PCR primers used in the amplification of pe6 and PCR conditions are provided in Tables S1, S2. pe6 cloned into pET-28a was used to express the recombinant protein in ClearColi® BL21(DE3), an endotoxin-free strain (Lucigen, Middleton, WI, USA). The protein was purified as described earlier with minor modifications (28). Briefly, recombinant PE6 protein was expressed and purified from BL21 DE3 clear E. coli cells, induced with 0.5 mM Isopropyl ß-D-1-thiogalactopyranoside at 37°C for 4 h till OD600 nm was reached between 0.4 and 0.6. The protein was purified in Tris–NaCl buffer containing 0.3% N-lauryl sarcosine using Ni-NTA (Ni-Nitriloacetic acid) affinity chromatography. The purified protein was dialyzed overnight against the dialysis buffer (10 mM Tris–HCl pH 8.0, 150 mM NaCl, 10% glycerol, 0.001% sarcosyl). The purity of the dialyzed protein was checked using SDS-PAGE and Western blot analysis (Figures S3A, B). Endotoxin contamination was removed using Polymyxin B agarose beads, as described earlier. Briefly, an equal amount of protein with polymyxin agarose beads was mixed, left for 2 h for binding on rotating shaker, and centrifuged at 3,000 rpm for 3 min. The supernatant was removed, and protein concentration was estimated. Endotoxin contamination was checked using Limulus amoebocyte lysate, as reported earlier (29) (Thermo Fisher Scientific, USA). pe6 cloned into the pST-Ki shuttle vector was electroporated into M. smegmatis, and expression was confirmed using the anti-Flag antibody (Figure S3C) (Sigma, USA). Positive clones were selected, grown, and used for further experiments.



Cell Culture and Growth Condition

Murine macrophage cell line RAW264.7 and knockout cell lines ΔTLR1, ΔTLR2, ΔTLR4, ΔMyd88, and ΔMyd88/Trif were procured from The Biodefense and Emerging Infections Research (BEI) resources (NIAID, NIH), USA and grown in DMEM media (Gibco, USA) supplemented with 10% Fetal Bovine Serum (Gibco) along with 1% antibiotic-antimycotic solution (Gibco, USA). Cells were grown in standard tissue culture conditions at 37°C in a 5% CO2 incubator.



Estimation of Cytokines

RAW264.7, ΔTLR1, ΔTLR2, ΔTLR4, ΔMyd88, and ΔMyd88/Trif cells were seeded in a 12-well cell culture plate at a density of 1 million cells/well. Cells were kept at 37°C for 3 h for adherence. After adherence at the bottom of the culture plate, cells were treated with various concentration of the protein, i.e., heat-inactivated protein (HI) (2 µg/ml), 0, 0.5, 1 and 2 µg/ml for 24 h. Proteinase K (Invitrogen, USA) treated followed by the heat-inactivated protein at 2 µg/ml was used as a negative control. Lipopolysaccharide (LPS) (Sigma, USA) at 1 µg/ml was used as a positive control. Culture supernatant was collected and stored at −80°C until further use. Estimation of both proinflammatory (TNF-α, IL-6, and IL-12) and anti-inflammatory cytokines (IL-10) were performed using a mouse ELISA kit provided by BD Biosciences (BD Biosciences, San Jose, USA). The detection limits of ELISA kits used for estimation of TNF-α, IL-6, IL-12, and IL-10 are 15.6, 15.6, 15.6, and 31.3 pg/ml. The protocol provided by the manufacturer was followed. Cytokine levels were determined by measuring absorbance at 450 nm using an ELISA plate reader. Cytokine estimation (TNF-α and IL-6) from recombinant M. smegmatis (pe6 containing M. smegmatis and vector alone containing cells) infected macrophage cells were performed from the supernatant collected after 24 and 48 h post-infection. Three million macrophage cells were seeded in 6-well culture plates and left for adherence overnight. Cells were infected with M. smegmatis containing pe6 and vector alone harboring cells for 24 and 48 h at Multiplicity of Infection) MOI 1:10). The supernatant was collected and stored at −80°C until used.



Cell Death Assay and Surface Expression of TLR4 on Differentiated THP1 Cells

RAW264.7 cells were seeded in 24-well plates at a density of 0.5 million cells/well. After 3 h of adherence, cells were treated with 5, 7.5, and 10 µg/ml of PE6 protein, and incubated for 24 h. Approximately 0.1 µM staurosporine (Sigma, USA) was used as a positive control. Approximately 20 µM pan-caspase inhibitor, ZVAD-FMK (MP Biomedicals, USA), was used as a negative control. Annexin V/PI staining was performed using a BD FACS apoptosis staining kit as per manufacturer protocol. Surface expression of TLR4 on Phorbol 12-myristate 13-acetate (PMA) differentiated (20 ng/ml of PMA for three days) THP1 cells was determined using (0.5 million) cells treated with different concentrations of PE6 (1 and 2 µg/ml). Cells were seeded in a 24-well culture plate. After differentiation, cells were treated with PE6 and harvested after 24 h and incubated with anti-human PE-TLR4 antibody. The samples were processed as per protocol provided by the supplier (BD Biosciences, San Jose CA, USA). LPS (500 ng/ml) treated cells were used as a positive control for TLR4 expression. Fluorescence intensity was measured using the BD FACSVerse cytometer (BD Biosciences). Untreated and heat HI PE6 treated samples were taken as negative controls. The data were analyzed by Flow Jo software (Tree Star Inc. USA).



Docking of Modeled PE6 to the Ligand-Binding Pocket of TLR4

The modeled PE6 was subjected to protein-protein docking with TLR4, PDB id:3vq2 using the ClusPro docking engine (29, 30). The highest-ranked model based on balanced scores from electrostatic, hydrophobic, and Vander Waals parameters was taken to analyze protein-protein interaction analysis by PDBPisa (31).



Western Blot Analysis

RAW264.7 cells and ΔTLR4 macrophage cells were seeded at a density of 3 million cells/well in a 6 well culture plate. Cells were treated with 1 and 2 µg/ml concentrations of PE6 protein. HI, protein-treated cells, and untreated cells were used as negative controls. After 24 h of treatment, cell culture media was removed, and cells were washed with 1× cold PBS (Gibco, USA). The cells were harvested in 2× SDS sample loading dye (25% glycerol, 0.125 M Tris–HCl, pH 6.8, 5% SDS, 0.1% bromophenol blue, with 100 mM dithiothreitol added fresh each time). Samples were heated at 95°C for 10 min, cooled, and pulsed centrifuged to remove cell debris. An equal amount of protein was loaded in SDS-PAGE gel and transferred onto the PVDF membrane. The transferred blot was blocked using BSA (5%) or skimmed milk (5%) in TBST and probed against NFκB1 (Cloud-Clone Corp), pP-65, (Thermo Fisher Scientific, USA), Caspase 3, Caspase 9, Bax, Cytochrome C, pcMyc, LC3BII, p62/SQSTM1, Beclin1, pULK1, MtorC1, Atf6, Chop, Calnexin, BIP, Eif2α, Ire1α, Nucleolin (Cell Signaling), GroEL2, Mpt32 (BEI Resources, USA), GAPDH and β-actin antibodies (Santa Cruz Biotechnology) as per manufacturer’s protocol. The anti-PE6 antibody was used to study the localization of PE6 in various M. tb fractions. anti-Flag (Sigma, USA) and anti-His (Sigma, USA) antibodies were used to detect recombinant PE6.

Horse Radish peroxidase-conjugated secondary antibodies (anti-mouse or anti-rabbit) were used for signal generation (Sigma, USA). In order to study the autophagy pathway, cells were treated with rapamycin (200 nM) and bafilomycin A1 (50 nM) (Sigma, USA) for 6 h along with protein treatment (24 h for Western blot analysis, 24 and 48 h for immunofluorescence analysis of LC3BII punctate foci formation). Cells were harvested and processed, as described earlier, followed by Western blot analysis. BSA (5%) was used for blocking in the Western blot of phosphoproteins. Images were captured using the Bio-Rad-Chemi-Doc MP imaging system (Bio-Rad Laboratories India Pvt. Ltd.). The band intensity was quantified using ImageJ software and normalized to GAPDH or β-actin.



Generation of Anti-PE6 Antibody in Rabbit

Purified PE6 protein was used as an antigen to generate an anti-PE6 antibody. Approximately 500 µg of purified protein was mixed with an equal volume of Freund’s incomplete adjuvant (500 µl each) and emulsified. Produced protein adjuvant emulsion was used for injection into 90–120 days old New Zealand white rabbit. Three booster doses were given at an interval of 21 days. After the final booster dose rabbit was bled, and serum was collected and stored at −80°C until used. The specificity of the anti-PE6 antibody was validated using Western blot analysis (Figure S3D).



Infection of Recombinant M. smegmatis Containing pe6 Into RAW264.7 Cells

RAW264.7 cells were seeded at a density of 2 million cells/well in a 6-well culture plate and incubated overnight for adhesion. Log phase growing pe6 and vector alone transformed M. smegmatis were collected and washed with 1× PBS. A single-cell suspension was prepared by passing the bacteria through a 24-gauge syringe needle. The prepared single-cell suspension of recombinant M. smegmatis was used for infection at an MOI of 1:10 for 24 to 48 h. To determine colony-forming units (CFU) and intracellular survival, RAW264.7 cells were lysed in sterile 0.01% SDS prepared in 1× PBS and plated on 7H11 agar plates (BD, Difco, USA). Colonies were counted after four days of incubation at 37°C. For Western blot analysis, cells were washed with 1× cold PBS and harvested in 2× SDS sample loading dye. An equal amount of protein was loaded in SDS-PAGE, and protein was transferred onto the PVDF membrane, blocked, and probed with desired antibodies.



Immunofluorescence and Confocal Laser Microscopic Analysis

HEK293T and macrophage cells were grown on coverslips in a 24-well plate for microscopic analysis. HEK293T cells were transiently transfected with pEGFPN1-PE6 (GFP-PE6) and pEGFPN1 (GFP), using lipofectamine 3000 (Thermo Fisher Scientific, USA). After 24, 48, and 72 h post-transfection, cells were either stained with Mitotracker Deep Red FM (Thermo Fisher Scientific, USA) as per manufacturer’s protocol or with an anti-Nucleolin antibody (Cell Signaling, USA). Cells were fixed with 4% formaldehyde in 1× PBS, followed by permeabilization with 0.2% Triton-X100 in PBS. For nucleolar localization of PE6, manufacturers protocol was followed for staining the cells with the anti-Nucleolin antibody. RAW264.7 cells were treated with PE6 protein at a concentration of 1 and 2 µg/ml. After 24 h of treatment, cells were fixed and permeabilized with chilled methanol for 5 min, followed by washing with 1× PBS. Coverslips were incubated with primary antibodies (NFκB1, pP65, and TLR4) as per the manufacturer’s protocol. For studying the surface localization of PE6 in RAW264.7 cells, PE6 protein was treated at 2 µg/ml, after 2 h of treatment, cells were fixed using 4% formaldehyde, washed, and treated with anti-PE6 antibody (1:500) for overnight at 4°C. For studying the effect of PE6 on autophagy using RAW264.7 cells, a similar immunofluorescence protocol was followed as described. Anti-rabbit LC3 antibody (Cell signaling, USA) was used to detect membranous punctate foci. DAPI (Sigma, USA) was used to stain the nucleus. Cells were washed and incubated with Alexa fluor 488 (A488) or A547 conjugated secondary antibodies for 2 h. The coverslips were mounted using Prolong anti-fade mounting agent (Thermo Fisher Scientific, USA), viewed at 63× using a Carl Zeiss fluorescence microscope and a Olympus FLUOVIEW FV1000 confocal laser scanning microscope. Images were analyzed using Axio-vision and FLUOVIEW FV1000 software. Spatiotemporal localization of PE6 at 24, 48, and 72 h were presented from 100 positively transfected cells from three independent experiments. Punctate foci representing LC3BII were analyzed using Axio-vision software (Carl Zeiss, Germany) from 10 different fields and the data presented are representative count from 50 cells.



Co-Immunoprecipitation (Co-IP)

HEK293T (2 million) cells were cultured in 6-well tissue culture plate transfected with pEGFP-N1 and pEGFP-N1-PE6 for 24 h, re-suspended in 750 µl of lysis buffer (1× PBS pH 7.4, 2 mM EDTA, 2 mM DTT, 1% TritonX-100, 1mM PMSF, and protease inhibitor cocktail, Sigma-Aldrich, USA), lysed by sonication [three cycles (15 s each at 2 min cooling interval) at an amplitude of 20%], centrifuged at 13,000 rpm for 30 min. The supernatant was pre-cleared by adding pre-immune rabbit serum, along with protein-A agarose beads. Approximately 750 μl of pre-cleared samples (750 µg/ml total protein) was used in Co-IP. To each pre-cleared sample, 3 μl of anti-PE6 and 1:50 dilution of anti-Nucleolin antibodies were added, incubated on a rotating rocker overnight at 4°C. Next, 25 μl of the packed volume of protein-A agarose beads were added to each sample, incubated for an additional 2 h, centrifuged at 3,000 rpm for 1 min, the supernatant was discarded, and the beads were washed with lysis buffer (5 min each washing on rotating shaker at 4°C). Bound protein complexes were released by boiling the beads in 2× SDS sample loading buffer and then subjected to SDS-PAGE followed by Western blot analysis using the desired antibodies.



Survival Assay Under the Low Iron Condition

Recombinant M. smegmatis cells harboring pe6 and vector alone were grown in 7H9 media (BD Difco, USA) supplemented with 10% OADC (Himedia, India) till the O.D reached 0.6. The culture was then diluted to an O.D to 0.1. The media was supplemented with 150 µM 2,2’- Bipyridyl (Sigma, USA), used as an iron-chelating agent to deplete the iron. To supplement the iron 150 µM Fecl3 was added in the presence of BPS. The culture O.D was taken every 3 h till O.D reaches 1. Wild-type, pe6, and vector alone containing M. smegmatis cells were diluted to an O.D of 0.1. A 10-fold serial dilution was made and spotted onto a 7H11 agar plate containing no BPS, 150 µM BPS, and 150 µM BPS, or 150 µM BPS + 150 µM Fecl3. The growth pattern was observed after four days of incubation at 37°C.



Computational Analysis of PE6 Sequence Information

Mitochondrial localization signal sequence in PE6 was predicted using MITOPROT (https://ihg.gsf.de/ihg/mitoprot.html), TargetP 1.1 (http://www.cbs.dtu.dk/services/TargetP/) and PSORT II (https://psort.hgc.jp/form2.html). The presence of a nucleus targeting sequence in PE6 was analyzed using LocSigDB.



DNA and Iron-Binding Activity Analysis of PE6

Full-length PE6 was modeled using i-Tasser (32). The resultant model was checked for quality using ProSA and Procheck analysis (33, 34). DNA binding capability of PE6 was determined using the DNABind server. DNA-protein modeling was performed using the NP-Dock program (35). In vitro DNA binding assays were carried out using steady-state fluorescence titrations. Briefly, 2 µM of PE6 protein was titrated against increasing concentrations of dsDNA (up to 10 µM). All experiments were performed in 10 mM Tris–HCl pH 7.4, 100 mM NaCl at 298 K in a Perkin Elmer LS55 spectrofluorometer. The excitation wavelength was set at 290 nm, while the emission spectrum was recorded between 300 and 450 nm. Buffer controls were recorded by titration of protein with buffer. The single site-specific binding module of GraphPad (v5.0) was used to determine Kd from fluorometric titrations data using the following equation:

	

where Bmax is maximum binding upon addition of ligand X (dsDNA).

To evaluate the thermal stability of PE6 in the presence of dsDNA, an intrinsic fluorescence-based thermal shift (FTS) assay was performed by monitoring change in fluorescence emission at 330 nm with gradual temperature ramping from 25 to 90°C (2°C step size). Excitation and emission slits were kept at 5/10. Before each reading, an equilibration time of 1 min was kept for both PE6 (4 μM) alone and 10 μM dsDNA. PE6 was pre-incubated with 10 μM of DNA for 30 min at 298K before experiments.



Statistical Analysis

Data were analyzed using one-way ANOVA with Tukey’s multiple comparisons, two-way ANOVA with Sidak’s multiple comparisons, paired T-test in combination with Kruskal–Wallis post-test. The data were represented as the mean of replicates (mean from three independent or two independent experiments ± SD. P values <0.05 were considered as significant. Data analysis was carried out using GraphPad Prism 7.




Results


PE6 Is a Secreted and Surface Localized Protein of M. tb That Induces Robust Production of Proinflammatory Cytokines in Macrophages

PE6 of M. tb is a cell surface-associated protein found in the cell wall (36). Proteins present in the cell envelop interact with the host to modulate immune responses. PE6 is localized in multiple locations in M. tb, as evidenced by analysis of various cell fractions using Western blot analysis. Various M. tb cell fractions were separated by SDS-PAGE, transferred onto the PVDF membrane, and probed with an anti-PE6 antibody. PE6 was detected in various fractions, including cell-wall, total membrane, and culture filtrate (Figure S1). Localization of GroEL2 and Mpt32 was used as controls for cell wall, cytosol, and secretory fractions. Therefore, we investigated the production of proinflammatory and anti-inflammatory cytokines after PE6 treatment to macrophages. RAW264.7 cells were treated with a different non-toxic concentration of PE6 protein (0.5 to 2 µg/ml). RAW264.7 cells upon treatment with PE6 induced increased production of proinflammatory cytokines TNF-α, IL-6, and IL-12 in a dose-dependent manner, whereas no significant difference was observed in the production of anti-inflammatory cytokine (IL-10 secretion) (Figures 1A–D). A batch of protein was proteinase K digested and heat-inactivated every time and added to macrophages to rule out non-specific or LPS mediated activation of cytokines, even though every batch of protein was passed through polymyxin agarose for removal of endotoxin. To confirm our initial observations, we generated a knock-in strain of recombinant M. smegmatis containing pe6 and used vector-alone transformed cells as control. RAW264.7 cells were infected with similar colony-forming units (MOI 1:10) for 24 h, and 48 h with recombinant M. smegmatis containing pe6 and vector alone transformed cells proinflammatory cytokines levels (TNF-α, and IL-6) were measured using ELISA. We observed that pe6 containing recombinant M. smegmatis induced enhanced secretion of TNF-α and IL-6 (Figures 1E, F). These observations suggest that PE6 is a cell surface localized and secreted protein of M. tb involved in the robust production of proinflammatory cytokines.




Figure 1 | PE6 is a proinflammatory molecule of M. tb, which induces robust secretion of proinflammatory cytokines. (A–D) RAW264.7 macrophage cells were treated with various concentration of PE6 (0.5, 1 and 2 μg/ml), LPS 500 ng/ml and HI PE6 (2 μg/ml). Sandwich ELISA was used to quantify cytokine TNF-α, IL-6, IL-12, and IL-10 levels using the cell culture supernatants. LPS treatment was used as a positive control for the induction of proinflammatory cytokines. Untreated and HI PE6 treated cells were used as negative controls. Purified PE6 was treated with polymyxin B agarose beads for the removal of endotoxin, and one aliquot was digested with proteinase K, followed by heat inactivation at 100 °C for 4 h. (E, F) Three million RAW264.7 cells were seeded in a six-well tissue culture plate and left overnight for adherence. Cells were infected with recombinant M. smegmatis containing pe6 and vector alone cells at (MOI 1:10) for 24 and 48 h. TNF-α and IL-6 levels were measured using sandwich ELISA. Untreated and 0 h treated cells were used as negative controls. Data were analyzed by one-way ANOVA with Tukey’s multiple comparison post-test. Data are representative of three independent experiments. P values <0.05 were considered as significant. *P < 0.05, **P < 0.01 and, ****P < 0.0001 vs. controls. n.s., not significant.





PE6 Interacts With Innate Immune Receptor TLR4 and Induces Its Enhanced Production on Macrophage Cells

Pathogen-associated molecular patterns (PAMPs) are recognized by various TLRs present on the host cell surface. M. tb and its associated antigens are recognized by surface innate immune receptors TLR2 and TLR4. We confirmed the role of TLR4 in the production of proinflammatory cytokines in response to PE6. We treated various concentrations of PE6 (1 µg and 2 µg/ml) to the ΔTLR1, ΔTLR2, ΔTLR4, ΔMyd88, and ΔMyd88/Trif knockout cells and measured proinflammatory cytokines (TNF-α, IL-6, and IL-12) levels using sandwich ELISA. We found that PE6 robustly induces the production of proinflammatory cytokines by ΔTLR2 and ΔTLR1 cells. In contrast, ΔTLR4, ΔMyd88, and ΔMyd88/Trif cells produced negligible amounts of these cytokines, indicating that PE6 interacts and activates TLR4 and downstream adaptor protein Myd88 for the production of proinflammatory cytokines (Figures 2A–C). These observations suggest that the absence of TLR4 on the macrophages’ surface impaired their ability to recognize PE6 and was unable to induce proinflammatory cytokines. These results indicate that TLR4 is the innate immune receptor involved in recognizing this mycobacterial protein and may affect the downstream signaling cascade emanating from TLR4 (Figures 2A–C).




Figure 2 | PE6 interacts with surface immune receptor TLR4 and induces its increased expression and secretion of proinflammatory cytokines. (A–C) Mouse macrophage knockout cells ΔTLR1, ΔTLR2, ΔTLR4, ΔMyd88, and ΔMyd88/Trif, were stimulated with PE6 (1 and 2 μg/ml), LPS 500 ng/ml and HI PE6 (2 μg/ml) treated with proteinase K (PK; 50 mg/ml), followed by heat inactivation at 100°C for 4 h. Approximately 24 h of post-treatment, cell culture supernatants were collected, and sandwich ELISA quantified TNF-α, IL-6, and IL-12 levels. (D) RAW264.7 and ΔTLR4 macrophage cells were treated with purified recombinant PE6 (2 µg/ml). Approximately 2 h of post-treatment, cells were fixed using 4% formaldehyde to stabilize the interaction of PE6 to the cell surface localized receptor. Fixed cells were washed and probed with polyclonal anti-PE6 antibody (1:500) dilution for 2 h. Post-primary antibody treatment, cells were washed three times with cold PBS and probed with anti-rabbit A488 conjugated secondary antibody. After three washing steps with cold PBS, cells were mounted on ProLong Anti Fade Glass mount and visualized using Carl Zeiss fluorescence microscope. Scale bar indicates 10 µm. (E) Immunofluorescence microscopic images showing membrane organization and expression pattern of TLR4 in PE6 treated macrophage cells. Concentrations of PE6 used are marked in the figure. The anti-rabbit TLR4 monoclonal antibody was used to probe the localization of TLR4. A488 conjugated secondary antibody was used for signal detection. DAPI was used to stain the nucleus. Untreated and HI PE6 treated cells were used as negative controls. LPS treated cells were used as a positive control. Scale bars indicate 10 µm. (F) The quantification of TLR4 expression is shown as a bar graph. (G) FACS was used to study the expression of TLR4 on PMA differentiated and PE6 treated THP1 cells. Monoclonal anti-TLR4 antibody conjugated to PE fluorophore was used in the FACS experiment. Data were analyzed by one-way ANOVA with Tukey’s multiple comparison post-test. Data are representative of three independent experiments. *P < 0.05 and ****P < 0.0001 vs. controls. (H) TLR4-PE6 model of the top-scoring structure obtained through ClusPro protein-protein docking. PE6 (Colored) protein fits into TLR4 (Gray) ligand-binding pocket. The colored bar indicates coloring from N-terminal to the C-terminal domain of PE6.



To further validate the innate host receptor involved in recognizing PE6 and the downstream signaling, we treated wild-type RAW264.7 cells and ΔTLR4 knockout macrophage cells with recombinant purified PE6 protein (2 µg/ml). After treatment, recombinant PE6 protein was fixed on the cell surface together with its interacting receptor. Its localization was observed using fluorescence microscopic analysis. We found that PE6 is localized on the cell surface in RAW264.7 macrophage cells, whereas no signal was observed in ΔTLR4 knockout cells indicating that PE6 interacts with TLR4 on the macrophage cell surface (Figure 2D). Consistent with this finding, treatment of PE6 to RAW264.7 and PMA differentiated human-derived THP1 cells induced increased production and organization of TLR4 on the cell membrane, which is a hallmark of its activation (Figures 2E–G). Additionally, to confirm the interaction of PE6 to TLR4, we used modeled PE6 for protein docking. The PDBPisa analysis of the protein–protein interaction interface revealed that N-terminal (a.a between 9 and 67) and C-terminal domains (a.a between 146 and 161) of PE6 interact with the ligand-binding pocket of TLR4 (Figure 2H and Table S3). The interactions were majorly mediated through Hydrogen-bond interactions followed by salt bridges (Table S3). These findings suggest that PE6 is a specific TLR4 agonist that induces robust secretion of proinflammatory cytokines.



PE6 Activates the Canonical NFĸB Pathway

TLR4 receptor activation on the macrophages’ surface leads to the recruitment of Myd88 and activation of the NFκB pathway (37). NFκB is a vital transcription factor whose activation and nuclear translocation are essential for producing proinflammatory cytokines by host macrophages. Therefore, we analyzed the expression and activation of canonical NFκB sub-units P50 and pP65 in the presence of PE6 protein using Western blot and immunofluorescence microscopic analysis. RAW264.7 cells were treated with purified recombinant PE6 protein (0 µg/ml, 0.5 µg to 2 µg/ml), and expression and nuclear localization of the P50 subunit were analyzed. PE6 induced increased expression of the P50 subunit, as evident from Western blot analysis (Figures 3A, B). Immunofluorescence microscopic analysis showed that PE6 activated its nuclear translocation in a dose-dependent manner (Figure 3C). To confirm these findings for another subunit, P65, we employed Western blot and immunofluorescence microscopic analysis. PE6 treatment-induced activator phosphorylation (Ser536) and nuclear translocation of pP65 in a dose-dependent manner, indicating its activation status (Figures 3D–F). P50 and P65 subunits form the most common heterodimeric complexes during activation of the canonical NFĸB pathway. P65 subunit is also activated by phosphorylation, which is mediated by kinase inhibitor of nuclear factor kappa-B kinase subunit beta (38). Phosphorylation plays a critical role in the activation of the P65 subunit and NFĸB. Together, our findings suggest that PE6 activates the canonical NFĸB signaling pathway that mediates proinflammatory cytokines’ sustained production.




Figure 3 | PE6 induces the activation of the canonical NFκB signaling pathway. (A) Western blots showing the expression level of NFκB1 (P50) subunit of NFκB in PE6 treated RAW264.7 macrophage cells. RAW264.7 cells were treated with PE6 (1 and 2 µg/ml) for 24 h. (B) Densitometric quantitation of the P50 subunit of canonical NFκB. P50 protein levels were expressed relative to GAPDH [%]. (C) Immunofluorescence microscopic pictures showing nuclear translocation of P50 subunit. (D) Western blots showing the protein levels of the phosphorylated pP65 (RelA) subunit of NFκB in PE6 treated RAW264.7 macrophage cells. (E) Densitometric quantitation of pP65 subunit. The pP65 protein levels were expressed relative to GAPDH [%]. (F) Immunofluorescence microscopic pictures showing nuclear localization of phosphorylated P65. DAPI was used to mark the nucleus. Untreated and HI PE6 treated cells were used as negative controls. LPS (500 ng and 1 µg/ml) treatment was used as a positive control. GAPDH was used as a loading control. A488 linked secondary antibody was used for signal detection. Scale bars indicate 10 µm. Data were analyzed by one-way ANOVA with Tukey’s multiple comparison post-test. Data are representative of three independent experiments. *P < 0.05 and **P < 0.01 vs. controls.





PE6 Displays Time-Dependent Differential Localization Pattern in Transiently Transfected HEK293T Cells

It was earlier reported that PE6 contains a mitochondria localization signal. Our in-silico analysis revealed that PE6 harbors an N-terminal signal peptide (1–24 aa), a mitochondrial targeting sequence, and a nuclear localization signal (LocSig Database). PE6 also harbors the Spt5 C-terminal nonapeptide repeat binding Spt4 domain. Spt4 and Spt5 together control transcription elongation by RNA polymerase II (Figure S2) (39). The presence of signal peptide, together with its cell-wall or surface association and secretory nature, reinforces that PE6 may be utilized by M. tb to modulate host–pathogen interaction. It has been earlier reported that various PE/PPE proteins are targeted to specialized host organelles, including mitochondria, nucleus, and endoplasmic reticulum (ER) to hijack or subdue innate host defenses (25, 26, 40, 41). These observations prompted us to study the organellar localization of PE6 as well as its associated functions. We used a transient transfection experiment to determine its organellar localization. Upon expression of GFP-PE6 and GFP into HEK293T cells, its localization was visualized up to 72 h. We observed that PE6 exclusively localizes within the nucleus and nucleolus 24 h post-transfection (100% co-localization) (Figures 4A, 1A1–1E1, 2A1–2E1). However, as time progressed (48 h), PE6 localization was observed in nucleus/nucleolus (70%), only mitochondria (20%), and nucleus/nucleolus together with mitochondria (10%) (Figures 4A, 3A1~3E1, 4A1–4E1, 5A1–5E1). At 72 h post-transfection PE6 localized to nucleus/nucleolus (50%), exclusively to mitochondria (30%), and nucleus/nucleolus together with mitochondria (15%). Interestingly, at 72 h post-transfection, we found PE6 co-localization with Nucleolin in the cytoplasm at the periphery of the cells (5%) (Figures 4A, 6A1–6E1, 7A1–7E1, 8A1–8E1, 9A1–9E1). We used GFP localization as control which was similar in all-time points studied. GFP was diffusely localized throughout the cell, including the nucleus and cytoplasm (Figures 4B, 10F1–10J1, 11F1–11J1). These results indicate that PE6 follows a spatiotemporal localization in transfected HEK293T cells, which suggested a possible role in regulating multiple organellar functions. PE6 likely modulates the functioning of two vital host cellular organelle to enable the survival of M. tb within the host. Next, we investigated the functional relevance of PE6 localization into the nucleus/nucleolus. RAW264.7 cells were infected with recombinant M. smegmatis containing pe6 and vector alone, and the Nucleolin level was analyzed using Western blot analysis. Infection with pe6 containing M. smegmatis to RAW264 cells leads to the increased production of Nucleolin at 24 h post-infection compared to vector alone transformed cells, indicating a time-dependent role played by PE6 in the functional regulation of Nucleolin function (Figures 4C, D). These findings prompted us to explore the interaction between PE6 and Nucleolin. To study the interaction between PE6 and Nucleolin, Co-IP was performed on TritonX-100 solubilized HEK293T cells expressing GFP and GFP-PE6 cell extracts using anti-PE6 and anti-Nucleolin antibodies. Co-immunoprecipitated samples were separated in SDS-PAGE, and Western blotting was performed using anti-GFP and anti-Nucleolin antibodies. Co-IP results demonstrate that anti-PE6 and anti-Nucleolin antibodies efficiently precipitated GFP- PE6 and endogenous Nucleolin (Figures 4E–G). However, no PE6 protein signals were observed in cell extracts prepared from GFP expressing HEK293T cells, using anti-PE6 and anti-Nucleolin antibodies. Taken together, these results suggest the interactions of PE6 with Nucleolin under physiological conditions.




Figure 4 | M. tb PE6 targeted to nucleus/nucleolus and mitochondria in transiently transfected HEK293T cells interacts with Nucleolin. (A, B) Confocal laser scanning microscopic analysis of GFP and GFP-PE6 expressing HEK293T cells. Transiently transfected cells were fixed using 4% formaldehyde and washed with cold PBS. GFP-PE6 (green) and GFP (green) localization was analyzed at 24, 48, and 72 h post-transfection. Nucleolus was stained using an anti-Nucleolin antibody (pseudo red). Mitotracker deep red FM was used to study the mitochondrial localization (pseudo yellow). DAPI was used to stain the nucleus (blue). A547 conjugated secondary antibody was used for signal generation. Scale bars indicate 10 µm. (C) Western blots showing the Nucleolin level in macrophage cells infected with recombinant M. smegmatis containing pe6 and vector. After 24 h of infection, cell lysate was prepared and fractionated on SDS-PAGE, and proteins were transferred onto the PVDF membrane. Nucleolin levels were analyzed using the anti-Nucleolin antibody. Untreated and vector alone transformed cells were used as controls. β-actin was used as a loading control. (D) Densitometric quantitation of Nucleolin bands was represented as a bar graph. Nucleolin level was normalized to respective β-actin bands and represented as [%] protein levels to β-actin. Data were analyzed by one-way ANOVA with Tukey’s multiple comparison post-test. Data are representative of three independent experiments. ***P < 0.001 vs. control. (E, F) Western blots showing Co-IP of PE6 and Nucleolin from cell extracts prepared from HEK293T cells expressing GFP and GFP-PE6 using anti-PE6 and anti-Nucleolin antibodies, respectively. Lysates prepared from HEK293T cells expressing GFP were used as a negative control. Antibodies used in Co-IP and the Western blots are marked in the figure. (G) Protein levels of Nucleolin, GFP-PE6, and GFP in 2% input used in Co-IP experiments.






Figure 5 | PE6 binds to DNA and iron and M. smegmatis harboring pe6 grown in iron-depleted liquid and solid media. (A) PE6-DNA modeled structure. Putative DNA binding regions are shown as spheres along with N-terminal and C-terminal domains. (B–D) Nonlinear curve fitting analysis to determine the apparent dissociation constant from titrations of PE6 with (A) dsDNA, (B) Fe. (C) FTS assay to determine the melting temperature (Tm) of PE6 alone (Black) and in the presence of dsDNA (Red) and Fe (Green). (E, F) Changes in fluorescence emission spectra (300–400 nm) upon the titration of (E) dsDNA and (F) Fe against PE6. (G) Growth kinetics of recombinant M. smegmatis harboring pe6 and vector alone transformed cells in liquid broth containing iron chelator. O.D600 nm was taken at different time intervals, as marked in the graph. pe6 containing M. smegmatis grows significantly faster than vector alone transformed cells. (H) The growth pattern of recombinant M. smegmatis containing pe6 and vector alone transformed cells in solid media with and without iron chelator and supplementation with Fecl3. The upper panel shows the growth pattern of untreated wild-type, vector alone, and pe6 transformed cells, and the middle and the lower panel shows the growth pattern of wild-type M. smegmatis, recombinant M. smegmatis containing pe6, and vector alone transformed cells in the presence of BPS and BPS + Fecl3. Some 10-fold serial dilutions were plated, and growth was observed on the fourth day after plating. Data were analyzed by two-way ANOVA with Sidak’s multiple comparison post-test. Data are representative of three independent experiments. **P < 0.01 vs. controls.






Figure 6 | PE6 induced apoptosis activation by inducing pro-apoptotic factors and efficiently activating the ER stress-mediated UPR pathway. (A) Flow cytometric analysis of early apoptotic cells of PE6 treated macrophage cells. Untreated and HI PE6 treated cells were used as negative controls. In contrast, staurosporine and ZVAD-FMK treated cells served as positive and negative controls for caspase-dependent induction and apoptosis repression. Briefly, RAW264.7 cells were seeded in a 6-well tissue culture plate, after 2 h of adherence at 37°C, the cells were treated with PE6 (5, 7.5, and 10 µ/ml), HI PE6 (10 µg/ml), 0.1 µM staurosporine, and 20 µM pan-caspase inhibitor Z-VAD-FMK. After completing the treatment, cells were harvested and processed as instructed by the manufacturer (BD Biosciences, San Jose, USA). Sample’s reading was captured using the BD FACSVerse machine. Images were analyzed using FlowJo software. (B) Graphical representation of apoptosis induction by treatment of various concentrations of PE6. (C) Western blot analysis of recombinant M. smegmatis infected macrophage cells after 24 and 48 h of infection. Western blot was performed using an anti-Bax antibody. (D) Densitometric analysis of Bax protein levels normalized to β-actin. (E) Western blot showing the levels of Cytochrome C protein in macrophage cells infected with recombinant M. smegmatis. (F) Densitometric quantitation of Cytochrome C protein levels relative to β-actin represented as a bar graph. (G) Western blot analysis of pcMYC levels in recombinant M. smegmatis infected macrophage cells. (H) Densitometric quantitation of pcMYC levels relative to β-actin and represented as a bar graph. Untreated and vector alone transformed cells were used as negative controls. Protein levels were represented as [%] to β-actin and total cMYC. Data were analyzed by one-way ANOVA with Tukey’s multiple comparison post-test. Data are representative of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. controls. (I) Western blot analysis showing the levels of UPR markers in recombinant M. smegmatis infected macrophage cells. RAW264.7 macrophage cells were infected with recombinant M. smegmatis at MOI of 1:10 for 24 and 48 h. The cell lysate was prepared, run in SDS-PAGE, transferred onto the PVDF membrane, and Western blotted using anti-Atf6, anti-Chop, Ire1α, Calnexin, BIP, and Eif2α antibodies. Untreated and vector alone transformed cells were used as controls. β-actin was used as a loading control.






Figure 7 | PE6 inhibits autophagy in treated RAW264.7 cells. (A) Western blots demonstrating the inhibitory effect of PE6 on cellular autophagy of RAW264.7 macrophage cells utilizing autophagy markers p62, Beclin1, LC3BII, and pULK1. RAW264.7 macrophage cells were treated with different concentrations of PE6 (1 and 2 µg/ml) for 24 h. The cell lysate was prepared, run in SDS-PAGE, proteins were transferred onto the PVDF membrane and probed with indicated antibodies. Untreated and HI-treated cells were used as negative controls. (B–F) Densitometric quantification of the protein bands (p62, Beclin1, LC3BII, and pULK1, and the ratio of p62/Beclin1) are shown. Protein levels were represented as [%] to β-actin. (G) Western blot demonstrating the levels of autophagy markers Beclin1, pULK1, and pMtorC1 after infection with recombinant M. smegmatis to RAW264.7 macrophage cells at MOI of 1:10 for 24 and 48 h. β-actin was used as a loading control. Uninfected and vector-alone transformed cells were used as negative controls. (H, I) Densitometric analysis of Beclin1 and pULK1 levels relative to β-actin. Protein levels were represented as [%] to β-actin. Data were analyzed by one-way ANOVA with Tukey’s multiple comparison post-test. Data are representative of two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. controls. n.s; difference not significant.






Figure 8 | PE6 inhibits autophagy initiation of RAW264.7 cells in the presence of rapamycin and bafilomycin A1. (A) Western blot showing the levels of autophagy markers LC3BII, p62, and Beclin1 in RAW264.7 cells treated with PE6 in the presence of rapamycin (200 nM) and bafilomycin A1 (50 nM). Untreated and HI PE6 treated cells were used as negative controls. β-actin and GAPDH were used as loading controls. (B–E) Densitometric quantifications of LC3BII, p62, and Beclin1 bands are shown relative to β-actin and GAPDH [%]. p62/Beclin1 ratio is shown as a bar graph. (F) Western blot demonstrating the levels of p62 and LC3BII in ΔTLR4 mouse macrophage cells. β-actin and GAPDH were used as loading controls. Untreated and HI PE6 treated cells were used as negative controls. (F–H) Densitometric analysis of p62 and LC3BII bands relative to β-actin. Data were analyzed by one-way ANOVA with Tukey’s multiple comparison post-test. Data are representative of two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001 vs. controls. n.s; difference not significant.






Figure 9 | PE6 inhibits the formation of LC3BII punctate foci in treated RAW264.7 macrophage cells in the presence of pharmacological agents rapamycin and bafilomycin A1. (A) Analysis of immunofluorescence microscopic images showing the LC3BII foci in untreated, rapamycin (200 nM) treated, HI + rapamycin-treated, and PE6 + rapamycin-treated RAW264.7 cells at 24 and 48 h. DAPI was used to mark the nucleus. Untreated and rapamycin-treated cells were used as negative and positive controls, respectively. (B) Immunofluorescence microscopic images demonstrating the LC3BII foci in untreated, HI treated, and PE6 treated RAW264.7 cells in the presence of bafilomycin A1 (50 nM). Untreated and bafilomycin A1 treated cells were used as negative and positive controls. (C, D) The average number of LC3BII punctate foci were counted using Axio-vision software and represented as a bar graph. Scale bars indicate 10 µM. Data were analyzed using paired T-test with the Kruskal–Wallis post-test. Data are representative of three independent experiments. ****P < 0.001 vs. controls.






Figure 10 | PE6 interacts with surface immune receptor TLR4 and affects downstream signaling cascade. PE6 is a specific TLR4 agonist that recruits adaptor protein Myd88 to affect downstream signaling. Engagement of PE6 to TLR4 activates canonical NFĸB signaling pathways involving NFĸB1 (P50) and RelA (P65). Activation of canonical NFĸB signaling induces increased production of proinflammatory cytokines TNF-α, IL-6, and IL12. PE6 differentially targeted into nucleus/nucleolus and mitochondria, controls the expression of Nucleolin, indicating possible exploitation of Nucleolin functions to modulate host-directed defenses generated against M. tb. PE6 induces increased apoptosis through the production of pro-apoptotic molecules Bax, Cytochrome C, and pcMYC. PE6 inhibits autophagy initiation via repression of autophagy initiating kinase ULK1 and activation of autophagy master regulator MtorC1 mediated by TLR4. Like other virulence effectors of M. tb, PE6 displays moonlighting function to dampen and subdue innate host defenses targeted against the pathogen for successful pathogenesis.





PE6 Has DNA as Well as Iron-Binding Activity

The modeled PE6 structure displays a predominant α-helical structure as earlier observed with other PE/PPE proteins (42). The unusually high pI (12.1) and its nuclear localization prompted us to look for positively charged amino acid patches and DNA binding capability. DNABind in-silico analysis of modeled PE6 structure predicted large positive charge patches around 8–12, 24–27, 114–120, and 159–170, a.a locations, which can function as potential DNA binding sites. Preliminary DNA binding was confirmed using H-Dock, which predicted PE6 DNA binding capability with high probability (Figure 5A). To confirm our in-silico predictions on nucleic acid binding, we performed fluorometric titrations of PE6 with dsDNA. PE6 exhibited a strong association with dsDNA, apparent from its dissociation constant (1.4 ± 0.15 µM) (Figures 5B, D). Further, to study DNA binding mediated stabilization of PE6, we performed FTS assays. FTS assay is based on the principle that small-molecule binding stabilizes the protein through H-bond interactions and entropic contributions. The mid-point of change in fluorescence signal (melting temperature, Tm) was determined for PE6 alone and dsDNA. Interestingly, during the thermal ramping of PE6 alone, we observed an increase in fluorescence intensity, whereas, in the presence of dsDNA, the characteristic sigmoidal curve was observed with a Tm of 56.2 ± 1.1°C (Figures 5D, E). The unusual increase in fluorescence intensity of PE6 alone upon thermal ramping could be attributed to protein-compaction or oligomerization, as observed in many intrinsically disordered proteins (43).

PE-PPE proteins have been reported to have a role in iron acquisition and assimilation (44). Functional prediction of PE6 using i-Tasser based coach and cofactor analysis revealed Asn62, Gly92, and His95 as potential iron-binding residues. To validate the in vitro iron chelating activity of PE6, we carried out fluorometric titrations of PE6 with Fe3+. The apparent dissociation constant was 2.6 ± 0.4nm, indicating an intense iron sequestering activity (Figures 5C, F). Similarly, Tm was determined for PE6–Fe3+ complex, which was observed to be 48.5 ± 0.8°C (Figures 5C, D). These findings suggest that PE6 is capable of binding to DNA and iron.



Recombinant M. smegmatis Expressing PE6 Displayed Robust Intracellular Survival Within RAW264.7 Cells, Pronounced Under Low Iron Conditions

We generated recombinant M. smegmatis containing pe6 (Figures S3A–C) and analyzed the in-vitro growth kinetics and survival inside the macrophage cells using CFU assay. We found that recombinant M. smegmatis containing pe6 showed significantly slower growth kinetics compared to vector alone transformed M. smegmatis (Figure S3E). Interestingly, pe6 containing M. smegmatis showed higher survival inside macrophages (Figure S3F). As iron is an essential micronutrient that is important for the survival of M. tb, it usually sequesters iron from the host to maintain its cellular physiology. Various mycobacterial proteins have been implicated in maintaining this steady influx of iron within the bacterium, including PE/PPE family proteins PPE36 and PPE62 (13). After ascertaining that PE6 has an iron-binding site within its sequence, we hypothesized that it could play a role in sequestering iron from the bacterial environment. To confirm this, recombinant M. smegmatis containing pe6 and vector alone and wild-type cells were cultured in the absence and presence of iron chelator BPS and complemented with Fecl3. The pe6 containing M. smegmatis showed robust growth in liquid and solid media in comparison to vector alone transformed cells in the presence of iron chelator BPS (Figures 5G, H). We also observed that the growth of M. smegmatis containing vector alone was severely hampered when iron was chelated from the media using an iron chelator as opposed to M. smegmatis containing pe6 (Figures 5G, H). The growth of M. smegmatis transformed with vector alone was more strongly inhibited in iron-depleted solid media, while M. smegmatis containing pe6 displayed robust growth in iron-depleted conditions (Figures 5G, H).

Furthermore, we also analyzed the CFU of liquid-grown wild-type, vector-alone transformed cells and M. smegmatis containing pe6 in the presence of iron chelator BPS. Recombinant M. smegmatis containing pe6 showed robust growth compared to vector alone transformed M. smegmatis as evidenced by increased CFU (Figure S3G). These results suggest that PE6 is involved in acquiring iron from the surrounding media for bacterial survival, as earlier shown for other PE/PPE family proteins PPE36 and PPE62.



PE6 Induces Caspase-Dependent Apoptosis of RAW264.7 Cells and Activates the ER-Associated UPR Pathway

We initially investigated the cell viability of RAW264.7 cells upon protein treatment using MTT assay. RAW264.7 cells were treated with various concentrations of PE6 for a period of 24 h. We observed that 5 µg/ml of PE protein-induced measurable cell death (Figure S4A). We analyzed the cell death using Flow Cytometry and Western blot analysis to confirm its role in apoptosis regulation. Macrophage cells were treated with various concentrations of PE6 protein (5, 7.5, and 10 µg/ml), and apoptosis was assayed using Propidium iodide (PI) and Annexin V staining. FACS analysis revealed that PE6 induced enhanced apoptosis of macrophage cells in a concentration-dependent manner, as evidenced by increased Annexin V staining (Figures 6A, B).

We next examined the activation status of initiator and executioner caspases, Caspases 9 and 3, by employing Western blot analysis. Macrophage cells, upon treatment with various concentrations of PE6 for 24 h, display increased cleavage of full-length Caspase 9 and increased generation of cleaved Caspase 3 (Figures S4B–E), a hallmark of caspase activation. To further strengthen these observations, macrophage cells were infected with pe6 containing M. smegmatis and vector alone harboring M. smegmatis for 24 h and subjected to Western blot analysis. PE6 induced increased production of pro-apoptotic proteins Bax and Cytochrome C and also induced increased activation of pro-apoptotic transcription factor pcMyc, which is involved in apoptosis induction (Figures 6C–H).

The unfolded protein response (UPR) pathway plays a critical role in the induction of apoptosis. We accordingly investigated whether PE6-induced apoptosis is through the activation of the ER linked to the UPR pathway. RAW264.7 cells were infected with recombinant M. smegmatis, and UPR markers Atf6, Chop, Ire1α, Calnexin, BIP, and Eif2α were analyzed by Western blot analysis. Consistent with our hypothesis, pe6 containing M. smegmatis induced higher UPR markers than the vector alone infected macrophage cells (Figure 6I). These observations unravel the fact that PE6 is involved in the induction of apoptosis through pro-apoptotic Bax, Cytochrome C, and activation of transcription factor pcMyc together with Caspases 3 and 9 activation and activation of ER-mediated UPR pathway.



PE6 Inhibits Cellular Autophagy in RAW264.7 Cells

After unraveling that PE6 induces apoptosis in treated macrophage cells in a dose-dependent manner, we investigated the manipulation of the autophagy pathway by PE6 protein. The cellular autophagy pathway was analyzed by measuring the levels of classical parameters: conversion of LC3BI to LC3BII and the utilization of autophagy substrate p62/SQSTM1 and Beclin1. We treated RAW264.7 cells with different concentrations of PE6 (1 and 2 µg/ml) and analyzed the levels of autophagy markers utilizing Western blot analysis. Cells treated with PE6 protein decreased the conversion of LC3BI to LC3BII and the increased accumulation of autophagy substrate p62 (Figures 7A–E). However, we did not observe any change in the Beclin1 protein (Figures 7A, C). These results indicated inhibition of autophagy by PE6 protein in a dose-dependent manner. We also calculated the p62/Beclin1 ratio that confirmed the autophagy flux reduction (Figure 7E). PE6 also inhibited autophagy activation, initiating kinase ULK1 as revealed by its increased inhibitory phosphorylation (Figures 7A, F). Activation of MtorC1 kinase culminates in the inhibition of ULK1, which suppresses autophagy initiation. We further confirmed these observations by infecting recombinant M. smegmatis to RAW264.7 cells and analyzed the activatory phosphorylation of MtorC1 and inhibitory phosphorylation of ULK1 using Western blot analysis. Infection with pe6 containing M. smegmatis induced the activatory phosphorylation of MtorC1 (Ser2448) and increased inhibitory phosphorylation of ULK1 (Ser757), whereas no change in the Beclin1 level was observed (Figures 7G–I and Figure S4F). Ser757 phosphorylation by MtorC1 suppress ULK1 activation and its interaction with AMPK. We further analyzed the levels of LC3BII and autophagy substrate p62 after infection with M. smegmatis containing pe6 and vector alone cells to macrophage cells. Western blot analysis showed that PE6 inhibited the conversion of LCBI to LC3BII and induced the accumulation of autophagy substrate p62 (Figures S4G–I). These results confirmed that PE6 reciprocally regulates cell death attributes of the host cell, i.e., apoptosis and autophagy. We went further to investigate the mechanism of autophagy inhibition by PE6 protein. RAW264.7 cells were treated with PE6 and autophagy inducer rapamycin and inhibitor bafilomycin A1, followed by Western blot analysis. Rapamycin is an autophagy inducer that inhibits autophagy master regulator MtorC1, whereas bafilomycin A1 is an autophagy inhibitor that inhibits autophagosome fusion to the lysosome and used to study autophagy flux. We found that PE6 inhibited autophagy even in the presence of rapamycin and bafilomycin A1, which was indicated by the reduced conversion of LC3BI to LC3BII and increased accumulation of p62 autophagy substrate to the PE6 treated cells along with an increased p62/Beclin1 ratio (Figures 8A–E). We also studied whether the inhibition of autophagy by PE6 is TLR4 dependent. ΔTLR4 macrophage cells were treated with different concentrations of PE6 protein (1 and 2 µg/ml), followed by Western blot analysis. We did not observe any difference in autophagy substrate levels p62 and LC3BI to LC3BII conversion and the p62/Beclin1 ratio after PE6 treatment (Figures 8F–H). To further strengthen our findings, we studied the inhibitory effect of PE6 on cellular autophagy in the presence of rapamycin (200 nm) and bafilomycin A1 (50 nm) in a time-dependent manner; we used immunofluorescence microscopic analysis and analyzed the LC3BII puncta formation in the presence of these pharmacological agents. We observed significantly reduced numbers of LC3BII punctate foci, the indicator of autophagic membrane dynamics, in PE6 treated samples (Figures 9A, B). The number of punctate foci was counted in various fields from three independent experiments and shown as bar graphs (Figures 9C, D). These results suggest that PE6 efficiently inhibited the cellular dynamics of autophagy initiation in RAW264.7 macrophage cells by repressing the formation of LC3BII associated punctate foci formation. These findings suggest that PE6 inhibits autophagy initiation mediated by MtorC1 activation and ULK1 suppression.




Discussion

This study demonstrates that recombinant PE6 induces the robust production of proinflammatory cytokines TNF-α, IL-12, and IL-6. Many PE proteins, including PE27 and PE_PGRS11, activate antigen-presenting cells to produce proinflammatory cytokines (45, 46). Apart from innate immune activation, many of the proteins from this family are known to activate adaptive immune responses (47). We show that PE6 is a specific TLR4 agonist as it interacts with cell surface innate immune receptor TLR4 in RAW264.7 macrophage cells, whereas the interaction was absent in mice macrophage cells lacking the TLR4 receptor. We also demonstrate that PE6 induces enhanced expression and organization of TLR4 at the membrane, which is a hallmark of its activation. Our investigation suggests that PE induces proinflammatory cytokines’ secretion upon interacting with immune receptor TLR4 at the cell surface to execute its immunomodulatory functions. It is important to mention that the activities of bacterial virulence factors are usually modular, and the best way to demonstrate this would have been by testing different truncations of the recombinant PE6 in terms of molecular interaction between TLR4, which we have not been able to do.

Increased production of proinflammatory cytokines is a prerequisite for the activation of macrophages and surface activation markers MHC-II, CD80, and CD86, which leads to M1 macrophage polarization (48, 49). Activation of macrophages links innate and adaptive immune responses to mount an effective immune response against the invading pathogen. Macrophages can be activated by soluble and cell-wall associated M. tb antigens mediated by distinct TLRs protein on the cell surface (50). Lipomannan of M. tb induces macrophage activation via TLR2, mediated by the adaptor protein Myd88 and characterized by increased TNF-α and nitric oxide (51). M. tb 19-kDa lipoprotein is a TLR2 agonist that induces robust production of proinflammatory cytokines, TNF-α, IL-12, and IL-6 by macrophages and shows powerful immunomodulatory properties (52). Similarly, 38-kDa lipoprotein interacts with innate immune receptor TLR2 and TLR4. It induces enhanced TNF-α, IL-12, and IL-6 (53). TLR4 is one of the pattern recognition receptors that recognize various exogenous and endogenous ligands, including LPS, fibronectin, heat shock proteins, and hyaluronan oligosaccharides (54).

Production of proinflammatory cytokines is majorly governed by the activation of NFĸB and map kinase signaling cascades (MAPK) and downstream signaling emanating from TLRs (55, 56). NFĸB, in turn, can also be activated by proinflammatory cytokines, including TNF-α and IL1β (55). Although TLRs are structurally diverse, they commonly activate similar downstream signaling, including activation of IĸB kinase and NFĸB (57). The canonical NFĸB pathway is activated by microbial antigens as well as proinflammatory cytokines TNF-α and IL1β and generally involves RelA (P65) and P50 (NFĸB1) complexes. PE6 induces activation of the canonical NFĸB pathway and elicits increased expression and activation of P50 and P65 subunits. Our results also demonstrate that PE6 induced secretion of proinflammatory cytokines are dependent on TLR4 and adaptor protein Myd88. Therefore, we hypothesize that PE6 mediated activation of canonical NFĸB activation facilitates the sustained production of proinflammatory cytokines and induces macrophage M1 polarization.

Apoptosis and autophagy of macrophages are two critical innate host defenses that play essential roles in determining the pathogenesis or host defense against M. tb. Apoptosis plays an essential role in defense against intracellular pathogens by preventing the release of intracellular pathogens and, thus, the spread of the M. tb infection (58, 59). Emerging evidence suggests that alveolar macrophages activate apoptosis after M. tb infection as an innate immune defense (60). Apoptosis-induced cell death of M. tb infected macrophages is generally associated with mycobacterial killing and efficient induction of T cell responses via enhanced antigen presentation (61, 62). It is worth mentioning that avirulent strains of mycobacteria (BCG and H37Ra) are potent inducers of apoptosis in macrophages compared to virulent strains such as H37Rv (63, 64).

Interestingly, several of the M. tb virulence effectors induce ER stress-mediated apoptosis of the host cell, such as 38-kDa antigen, ESAT6, HBHA, PE_PGRS5, and PE_PGRS33 (26, 65–67). On the contrary, many of the M. tb effectors are known, which inhibit apoptosis, including NuoG and PknE (68, 69). Virulent M. tb inhibits apoptosis at an early stage of infection, whereas when the bacterial burden is high within the infected macrophages, it induces apoptosis for successful dissemination (26). Our results revealed that PE6 is a potent inducer of macrophage apoptosis. It induces apoptosis through the activation of Caspases 3 and 9. The infection of RAW264.7 cells with recombinant M. smegmatis containing pe6 induced increased expression of pro-apoptotic proteins Bax and cytochrome C and enhanced activation of transcription factor pcMyc. Pro-apoptotic Bax forms a pore in the mitochondrial membrane and facilitates the release of Cytochrome C, which activates the homodimerization of APAF-1 and recruitment of Caspase 9, thereby its activation (70).

We also elucidated that PE6 induced increased ER stress markers, transcription factor Atf6, Chop, Calnexin, BIP, Ire1α, and Eif2α. These observations are consistent with the increased expression of pro-apoptotic factors. Therefore, the findings suggest that PE6 induces the UPR pathway-mediated apoptosis of macrophages likely late in the infection cycle after excessive mycobacterial burden to aid in the apoptosis-mediated spread of mycobacterial cargos to other phagocytes in the vicinity.

Autophagy is also a critical innate defense mechanism against invading intracellular pathogens, including M. tb. Recent evidence implicates that various bacterial pathogen target autophagy via producing specific virulence factors that enable intracellular survival of the pathogens and help in dissemination (71). These two critical innate immune defense pathways, autophagy, and apoptosis are linked both positively and negatively. Extensive cross-talks exist between the processes, and these pathways can be activated sequentially within the same cell by various stresses. Generally, activation of autophagy blocks the induction of apoptosis, and vice versa, activation of caspases shut off the autophagic process. Several pieces of evidence suggest that M. tb has developed sophisticated immune evasion strategies that interfere with autophagy (19), thereby enhancing its intracellular survival by limiting the presentation of its antigen by MHC-II molecules. Many mycobacterial virulence factors have been implicated in immune evasion through autophagy blockades, such as type VII ESAT6 secretion system, PE_PGRS47, and enhanced intracellular survival protein Eis (20, 21, 23). In the present study, we decipher the inhibitory effect of PE6 on macrophage autophagy.

PE6 inhibits autophagy, as evidenced by the lower conversion of LC3BI to LC3BII and reduced consumption of autophagy substrate p62. Although there is no reduction in the Beclin1 levels, we observed an increased p62/Beclin1 ratio, indicating autophagy inhibition. Furthermore, the observation that PE6 inhibits autophagy in the presence of rapamycin and bafilomycin A1 strengthens our finding and suggests that PE6 hamper autophagy initiation. Using recombinant M. smegmatis containing pe6, we demonstrate that PE6 inhibits activation of autophagy initiating kinase ULK1 and activates autophagy regulator MtorC1. ULK1, together with Atg13 and RB1CC1, initiates autophagophore biogenesis (72). AMPK and MtorC1 are two critical regulators of ULK1 activation through phosphorylation. The master regulator of autophagy, MtorC1, phosphorylates ULK1 at Ser757, which ultimately culminates in the repression of its activation by preventing its interaction with AMPK. Therefore, our observation suggests that PE6 inhibits autophagy initiation via inhibiting ULK1 activity (72).

The reductive evolution in M. tb has endowed its proteins to have moonlighting functions (73, 74). Apart from immunomodulation and regulation of cell death pathways, the PE/PPE proteins of M. tb are targeted to various host cell organelles to manipulate diverse cellular functions, a glaring example of protein promiscuity with diverse implications in pathogenesis (75, 76). Furthermore, PE_PGRS5 protein localizes to the ER in a PGRS domain-dependent manner, unlike PE_PGRS33. Targeting of PE_PGRS5 to the ER induced UPR mediated host cell apoptosis via enhanced production of Atf4 and Chop and disrupted calcium ion homeostasis (26). The PE_PGRS33 protein has also been shown to localize into the mitochondria both upon transient transfection and after infection. Furthermore, upon mitochondrial targeting, the PE_PGRS33 protein-induced host cell apoptosis and necrosis to regulate M. tb pathogenesis (40). Additionally, the PPE2 was shown to localize into the nucleus of the host cell (41). Recently, it has been shown that the C-terminal region of PPE37 protein localizes to the nucleus under low iron conditions and induces caspase-dependent apoptosis to favor the dissemination of the bacteria within the host (25).

Our experiment to determine the cellular localization of PE6 in host cells revealed a new observation wherein PE6 exhibited a time-dependent differential localization pattern within transfected HEK293T cells. It localizes to the nucleus/nucleolus as well as mitochondria. The shift in its localization from the nucleus/nucleolus to mitochondria increased at 48 → 72 h. The observed unexpected co-localization of Nucleolin and PE6 in the cytoplasm and its interaction with PE6 strongly indicate possible exploitation of Nucleolin functions by M. tb. Strong DNA binding of PE6, its nucleus/nucleolus targeting, and presence of Spt5 C-terminal nonapeptide repeat binding Spt4 sequence suggest that PE6 may be utilized by M. tb in order to compromise host cell machinery by manipulating RNA polymerase II and other regulatory complexes, modulating ribosomal biogenesis, apoptosis, and autophagy. As per the best of our information, this is the first report showing an M. tb protein that localizes into the host nucleolus, and further studies are warranted to delineate this interesting and unexplored aspect.

Another exciting aspect unraveled in this study was the interaction of PE6 with Fe3+. Iron is a vital nutrient for M. tb virulence (44), and M. tb sequesters iron by secreting siderophores, mycobactin’s, and carboxy-mycobactin’s with a different affinity (77). ESX-3 type VII secretion system has been demonstrated to play an essential role in the acquisition of iron and its homeostasis (78). A recent finding has shown the role of a surface PE/PPE family protein in heme uptake (79). However, the complete understanding of iron acquisition physiology and pathways in M. tb remains unknown. Our finding that PE6 increases the growth capability of recombinant M. smegmatis in the iron chelator’s presence suggest its possible iron acquisition role. The cell envelops association and secretory nature of PE6 support this observation and indicates PE6 as an essential virulence factor.

Summarizing the observations from this study, we propose a model (Figure 10) in which M. tb PE6 interacts with the innate immune receptor TLR4. Interaction of PE6 to TLR4 results in activating a proinflammatory signaling cascade by induction of canonical NFĸB signaling.

Additionally, PE6 is targeted differentially to nucleus/nucleolus and mitochondria in a time-dependent manner and regulates the level and unexpected distribution and co-localization in the cytoplasm with the nuclear protein Nucleolin. Mitochondrial localization of PE6 likely activates apoptosis through the induction of pro-apoptotic proteins and can induce the ER stress-dependent UPR pathway. Our results also reveal that PE6 inhibits host innate defense mechanism autophagy via suppressing autophagy, initiating kinase ULK1, and activating MtorC1 kinase. These results strongly suggest that the PE6 induced modulation of autophagy and apoptosis represents a key virulence strategy used by M. tb through PE6 to replicate and survive within macrophages, and production of proinflammatory cytokine secretion may cause successful pathology for dissemination and virulence. This multipronged attack by a single effector protein of M. tb additionally advocates its candidature as a valuable drug target to combat tuberculosis.
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Supplementary Figure 1 | PE6 localizes to multiple cellular fractions of M. tb. (A) Cellular localization of PE6 in various purified fractions of M. tb. 20µg of purified M. tb fractions were separated in SDS-PAGE, and Western blotting was performed using the anti-PE6 antibody. PE6 was detected majorly in the cell wall, and culture filtrate and minor presence were detected in the whole cell lysate, cytosol, and total membrane. Localization of GroEL2 and Mpt32 were used as controls.

Supplementary Figure 2 | PE6 contains a sequence signature for secretion signal, mitochondria, and nuclear localization. PSORTII (https://psort.hgc.jp/cgi-bin/runpsort.pl) and TargetP (http://www.cbs.dtu.dk/cgi-bin/webface2.fcgi?jobid=604DDB3900004BF5C348503C&wait=20) predicted the presence of a mitochondrial localization signal, and LocSigDB (http://genome.unmc.edu/LocSigDB/) shows the presence of a nuclear localization signal. SignalP ver 4.1 (http://www.cbs.dtu.dk/cgi-bin/webface2.fcgi?jobid=604DDC2E00004BF560E4F38B&wait=20) was used to predict the presence of N-terminal signal peptide. SMART domain database (http://smart.embl-heidelberg.de/smart/job_status.pl?jobid=473014622420041615712400xwHNiRMETj) was used to predict Spt5 C-terminal nonapeptide repeat binding Spt4. A schematic representation of PE6 with various sequence signature features is given on the right side of the figure.

Supplementary Figure 3 | pe6 containing M. smegmatis exhibit increased survival within macrophage cells. (A) SDS-PAGE showing the purified PE6 protein. Purified PE6 and proteinase K digested and heat-inactivated (HI) protein was run in SDS-PAGE and stained with Coomassie brilliant blue. (B) Western blot showing the purified PE6 detected using an anti-his antibody. (C) pe6 cloned in pST-ki (pe6), and pST-ki plasmids were electroporated in competent M. smegmatis. Positive clones were selected and checked for the expression of PE6 using an anti-flag antibody. (D) Western blot analysis showing the specificity of an anti-PE6 antibody. Dilution of anti-PE6 antibody is shown in the figure. β-actin was used as a loading control. (E) The growth of M. smegmatis containing pe6 and M. smegmatis vector control was analyzed by measuring OD600 nm at different time points, as shown in the figure. M. smegmatis vector control cells showed significantly faster growth than M. smegmatis containing pe6 cells. (F) Intracellular survival of recombinant M. smegmatis with infected macrophage cells. Macrophage cells were infected with recombinant M. smegmatis at MOI of 1:10. After 24 hr and 48 hr, post-infection cells were lysed in.01% SDS and plated in 7H11 agar plates. Growth was observed after the fourth day of plating. Survival within macrophage cells was represented as CFU. (G) Survival of wild-type and recombinant M. smegmatis containing pe6 and vector alone cells in the presence of media alone, iron chelator BPS, and BPS+Fecl3. An aliquot of grown bacteria was plated on a 7H11 agar plate, and CFU was analyzed at various growth points. M. smegmatis containing pe6 showed enhanced survival in the presence of BPS as compared to wild-type and vector-alone transformed cells. Data were analyzed by two-way ANOVA with Sidak’s multiple comparison post-test. Data are representative of 2 independent experiments. *P<0.01, **P<0.01, **P<0.01 vs. controls.

Supplementary Figure 4 | PE6 induces robust activation of Caspase 9 and Caspase 3. (A) The bar graph showing the cytotoxicity of PE6 on macrophage cells. Macrophage cells were treated with various concentration of PE6 (0.5, 1, 2.5, 5, and 10µg/ml) for 24 hr. MTT assay was performed to analyze the cytotoxic effect of PE6 on macrophage cells after 24 hr of post-protein treatment. The percent cytotoxic effect was represented as a bar graph. Proteinase K digested, and heat-inactivated (HI) protein was used as a negative control. (B) Western blots showing the activation of Caspase 9 after PE6 treatment to macrophage cells. Macrophage cells were treated with different concentrations of PE6, as shown in the figure, for 24 hr. Antibodies used and the molecular weights are indicated in the figure. (C) The bar graph represents the densitometric quantitation of full-length Caspase 9 normalizes to β-actin. (D) Western blot showing the level of active Caspase 3 after treatment with various concentrations of PE6 for 24 hr, as shown in the figure. Untreated cells and HI PE6 treated cells were used as negative controls. Staurosporine was used as a positive control. (E) Full length and cleaved Caspase 3 were shown in Western blot. Macrophage cells were infected with recombinant M. smegmatis for 24 hr. The cell lysate was prepared and run in SDS-PAGE, and Western blotted using an anti-Caspase 3 antibody. Untreated and vector alone transformed cells were used as negative controls. β-actin was used as a loading control. (G) Western blots showing the levels of LC3BII and p62 at 24 hr post-infection with recombinant M. smegmatis containing pe6 and vector alone harboring cells. (H, I) Densitometric quantitation of LC3BII and p62 protein levels normalized to β-actin and represented as bar graphs. One-way ANOVA analyzed data with Tukey’s multiple comparison post-test. Data are representative of 2 independent experiments. *P<0.05 vs. controls.
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Bovine tuberculosis is an important animal and zoonotic disease caused by Mycobacterium bovis. The innate immune response is the first line of defense against pathogens and is also crucial for the development of an efficient adaptive immune response. In this study we used an in vitro co-culture model of antigen presenting cells (APC) and autologous lymphocytes derived from peripheral blood mononuclear cells to identify the cell populations and immune mediators that participate in the development of an efficient innate response capable of controlling the intracellular replication of M. bovis. After M. bovis infection, bovine immune cell cultures displayed upregulated levels of iNOS, IL-22 and IFN-γ and the induction of the innate immune response was dependent on the presence of differentiated APC. Among the analyzed M. bovis isolates, only a live virulent M. bovis isolate induced an efficient innate immune response, which was increased upon stimulation of cell co-cultures with the M. bovis culture supernatant. Moreover, we demonstrated that an allelic variation of the early secreted protein ESAT-6 (ESAT6 T63A) expressed in the virulent strain is involved in this increased innate immune response. These results highlight the relevance of the compounds secreted by live M. bovis as well as the variability among the assessed M. bovis strains to induce an efficient innate immune response.
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Introduction

Bovine tuberculosis (bTB) is an important animal and zoonotic disease that causes significant financial loss worldwide and represents a public health hazard. According to the OIE (Office International des Epizooties-World Organisation for Animal Health), out of 188 countries and territories, 82 countries (44%) reported the presence of the disease (https://www.oie.int/es/enfermedad/tuberculosis-bovina/). Losses due to TB are estimated to be US$ 3 billion per year, with more than 50 million cattle infected (1). The costs of this disease are related to reduced productivity in severely affected animals, testing, slaughter of affected animals, movement controls, and trade restriction.

Mycobacterium bovis (M. bovis), the major causative agent of bTB, is closely related to Mycobacterium tuberculosis (M. tuberculosis), the causative agent of human tuberculosis (TB). In fact, bTB and TB are clinically similar; both diseases produce granuloma in lungs and lymph nodes, in which lymphocytes and plasma cells surround the infected macrophages. However, in comparison to TB infection, which is mostly arrested at early stages with no or low bacterial replication, cattle M. bovis infections progress to more severe stages, producing acute infections with active mycobacterial replication (2). The experimental evidence suggests that species-specific mycobacterial factors significantly contribute to the observed differences in the pathology of TB and bTB (2).

The innate immune system is the first line of host defense against pathogens and therefore plays an important role during the early phase of infection. A relatively large proportion (20-25%) of individuals who are exposed to TB, remarkably, never develops any sign of an immunological memory against M. tuberculosis. This suggests that the high efficacy of the innate immune response in these individuals precludes the need of an adaptive immunity. This process is referred to as ‘early clearance’ and can be explained by the presence of a highly effective innate immunity (3).

The most relevant cellular players in the bovine innate immune response against M. bovis are antigen presenting cells (APCs) (1, 4), mainly dendritic cells (DCs) and macrophages, gamma delta T (γδ T) cells (5–7) as well as natural killer (NK) cells (8).

Macrophages respond to mycobacterial infection with the production of chemokines and cytokines. These immune mediators trigger innate microbicidal activity and promote the adaptive Th1 immune response, which is characterized by the release of IFN-γ (9). IFN-γ enhances both the microbicidal activity in infected macrophages and the presentation of mycobacterial antigens to T cells (CD4 and CD8) (9).

Macrophages have not only the ability to rapidly respond to TB or bTB infections, but also to induce nonspecific immune memory, which is called trained immunity. Particularly, M. bovis might induce trained innate immunity in cattle trough epigenetic regulation of signaling pathway that control the expression of pro-inflammatory cytokines such as IL-1b, type I IFN, IL-6 and TNF-α (10).

γδ T cells play roles in both responses, innate and adaptive, and thus connect the two arms of the immune system. This cell population produces cytokines and participates in direct cytotoxicity as well as in antigen presentation (11, 12). Kennedy et al. have studied cell populations involved in the innate response, particularly γδ T cells, in vaccination trials and experimental infections in cattle (6, 7). On the other hand, bovine activated γδ T cells may upregulate the expression of MHC II, CD80 and CD86, and directly induce CD4 T cell proliferation (13, 14). In addition, γδ T cells are key factors in bTB pathology as they play a crucial role in the granuloma formation (10). NK cells also participate in the linking of innate and adaptive immune responses. For example, in draining lymph nodes NK cells contribute to the early innate response to bacterial infections through the production of IFN-γ and the subsequent development of Th1 immune responses. These NK effector responses against M. bovis depend on the interaction with APCs, particularly with DC (8). Siddiqui and Hope have proposed that upon M. bovis infection DCs secrete chemokines to induce the recruitment of effector cells, such as NK. Then, the co-localization of NK and DC would enable reciprocal interactions with enhanced secretion of IFN-γ (8). In addition, NK cells display cytotoxic activity and reduce the bacterial count of M. bovis BCG-infected macrophages (15).

Certainly, the magnitude of the innate immune response relies on the presence or not of M. bovis specific components. For instance, APCs interact with lipid components of the mycobacterial cell wall (16). Furthermore, different M. bovis strains or genotypes have shown to induce differential bovine macrophage responses in in vitro infections (17, 18).

Although some progress has been made, little is known about the impact of strain variability on innate response mechanisms against bTB and the mycobacterial components necessary to achieve an effective innate immune response. This issue is particularly relevant in the TB vaccinology field, since the development of an efficient adaptive immune response after a vaccination depends, in part, on the first encounter between the vaccine and the innate immune system. On the other hand, the fact that different sub-strains of BCG induce variable protection against M. tuberculosis in mice (19) highlights the relevance of the genetic background for live vaccine strategies. Altogether, these concepts indicate that M. bovis strain selection is a crucial step for a rational design of an effective live vaccine against bTB.

In this study, we evaluated the innate immune response elicited by three isolates of M. bovis, Mb534, MbNCTC10772 and Mb04-303, by using a co-culture model of differentiated APCs and autologous lymphocytes. These M. bovis strains have showed different degrees of virulence in animal models of bTB, being Mb04-303 the most virulent, MbNCTC10772 moderately virulent and Mb534 attenuated (20–22).

The results of this study shed light on host and mycobacterial factors involved in the mechanisms of innate immunity capable of controlling the replication of M. bovis inside macrophages. The knowledge of these factors is essential for the rational design of effective vaccines against bTB.



Material and Methods


Mycobacterial Cultures, Lyophilized Supernatants and Lipid Fractions

Mb534 and Mb04-303 are Argentine isolates obtained from cattle and a wild boar, with tuberculous lesions, respectively. Both M. bovis isolates are spoligotype 34, which is the most frequent in Argentina (23). In a mouse progressive TB model, Mb534 was the most attenuated isolate, whereas Mb04-303 was the most virulent and produced extensive pulmonary pneumonia and high bacillary burden (21). Mb04-303 and MbNCTC10772 (a US isolate of M. bovis from the UK National Collection of Type Culture, ATCC 19210) were previously tested in an experimental bovine infection (24). Only animals infected with Mb04-303 presented macroscopic tuberculous lesions in lung parenchyma and the associated lymph nodes (bronchial and mediastinal), thus achieving the highest pathology scores of the experiment. On the other hand, few animals infected with MbNCTC10772 showed small macroscopic lesions in head lymph nodes and no tuberculous compatible lesions in lungs.

Based on previous results (20–22) the three strains used in the present study were classified as mildly (Mb534), moderately (MbNCTC10772) and highly (Mb04-303) virulent.

Whole genome sequences of Mb04-303 and Mb534 are available in public database (DDBJ/EMBL/GenBank under accession numbers AVSW01000000 and JQEM00000000, respectively).

Recombinant M. bovis strains were previously obtained (25). Briefly, the esat-6 gene was PCR amplified from Mb534 and Mb04-303 strains and cloned in pVV16 vector (BEI Resources). The recombinant plasmids were used to transform the Mb534 strain.

All isolates were grown at 37°C in Middlebrook 7H9 (BD, USA) liquid medium enriched with 0.4% pyruvic acid and 1% albumin dextrose complex (ADC) with or without 0.5% Tween 80. Bacterial cultures were used at exponential growth phase; bacterial viability was greater than 95%, as determined by BacLight kit (Invitrogen), in all cultures used in this study. The different strains were inactivated at 95°C for 30 min. Lyophilized culture supernatants (CS) were obtained from 30-day cultures (50 mL) grown without Tween 80. The cultures were centrifuged at 2,500 g for 20 min and the supernatants were filtered (pore size: 0.22 μm), frozen in liquid nitrogen and lyophilized in 50-mL conical tubes for 4 days.

M. bovis lipids were obtained from CS (150 mL), purified and resolved according to previous publications (26–28).



Two Hybrid Assays

The mutant variant of esat-6 gene, which encodes a protein with alanine (A) in position 63 instead of a threonine (T), and the wild type gene were PCR-amplified from Mb04-303 and Mb534, respectively (25). The genes were cloned as fusion to the T25 and T18 fragments of the adenylate cyclase in the BamH1 site of the bait pKT25 and prey pUT18C vectors, respectively (29). The integrity of the cloned genes was confirmed by sequencing. E. coli BTH101 was co-transformed with a bait and prey recombinant plasmids. Co-transformants were selected on LB-agar medium containing ampicillin and kanamycin and then cultivated in LB medium containing ampicillin (100 μg/mL) and kanamycin (50 μg/mL) at 30°C with shaking.

The interaction of fusion proteins encoded in T18-Zip and T25-Zip plasmids was used as a positive control.

The β-galactosidase activity was assessed by pelleting 1 mL of recombinant E. coli cultures (cultured at 30°C for 5 days) and measuring according to the procedure described by Miller (30).



Animals and Sample Collection

Healthy adult calves (36-60 months of age) were sampled from a herd settled in an INTA field with no history of bTB and paratuberculosis within the past 5 years. The animals were breed cross calves (Hereford and Aberdeen Angus) susceptible to bTB and were negative for IFN-γ ELISA assay (Bovigam) as well as to tuberculin skin test (data not shown) against PPDb and PPDa (Purified Protein Derivatives from M. bovis and Purified Protein Derivatives from Mycobacterium avium, respectively). Sample collection and animal handling were done in compliance with the regulations of the Ethical Committee of INTA (CICUAE).



Mononuclear Cell Preparation, Macrophage Differentiation and Co-Cultures

Heparinized blood (20 mL) from each animal was used for peripheral blood mononuclear cells (PBMC) isolation by gradient centrifugation over Histopaque 1077 (Sigma-Aldrich), following the manufacturer’s protocol. PBMC were incubated at 37°C in RPMI complete medium (Invitrogen) supplemented with 10% autologous plasma and 1x Antibiotic-Antimycotic (Anti Anti) (Invitrogen) in T25 tissue culture flask for RNA extraction or 24-well tissue culture plates for flow cytometry determinations. PBMC were seeded at 1x107 or 2.5-3x106 in tissue culture flasks or in each well in culture plates, respectively. After 24 h of incubation, non-adherent cells were removed and cultured separately. Adherent cells were incubated with 10% autologous plasma for 4-5 days until macrophage differentiation. After this incubation period, more than 93% of the adherent cells were CD14+ (Figure S1).

Primary culture macrophages or PBMC were infected for 3-4 h with Mb04-303 (viable or heat inactivated), MbNCTC10772 or Mb534 at a multiplicity of infection (MOI) of 1 for flow cytometry determinations and mycobacterial intracellular replication assays or MOI of 5 for transcription analysis. Cell monolayers were washed three times with PBS to eliminate any extracellular bacterium and then co-cultured for another 16 h or 24 h with the autologous lymphocytes (1:10) for transcription analysis (16 h) or flow cytometry determinations (24 h). Alternatively, PBMC were isolated, seeded in culture plates at 2.5-3x106 and infected with Mb04-303 (viable or heat inactivated) at MOI of 1 in relation to monocyte percentages among total PBMC (10%) in order to perform infections in absence of differentiated macrophages.

For the mycobacterial intracellular replication assay, macrophages from three different calves were infected in 24-well tissue culture plates with the different strains in triplicate for 3 h. Then, the wells were washed three times with PBS and the infected macrophages were incubated for 72 h with or without autologous lymphocytes. Cells were lysed with triton X-100 and seeded in 7H10-pyruvate medium supplemented with ADC (Sigma-Aldrich). Colony forming units (CFUs) were counted after 21 days for all the evaluated experimental conditions.



Viability Assays

Macrophage viability was assessed in non-infected and infected cultures. Cell viability was also studied in infected/stimulated lymphocytes and in macrophages infections using Fixable Viability Dye eFluor 660 (eBioscience). Briefly, macrophages from three different animals were detached using cold PBS-EDTA 20 μM and washed twice with PBS. Non-adherent cells were directly washed with PBS. Resuspended cells were stained following the manufacturer’s instructions. Viability was studied in 20,000 events using FACScalibur BD flow cytometry in each condition.



Transcriptional Analysis

Briefly, non-adherent cells of the infected co-cultures described above were centrifuged at 362 xg for 10 min and the pellets were treated with 1 mL Trizol (Invitrogen). This Trizol suspension was used to detach the autologous macrophage monolayers and total RNA was obtained from the complete co-cultures following the manufacturer’s protocol. Total RNA quality and quantity were estimated by UV spectrophotometry (Nanodrop) and electrophoresis on 0.8% agarose gel. DNA-free RNA (1µg) was mixed with 50 ng random primers (Invitrogen) in 20 µl final volume and reverse transcribed to total cDNA with SuperScript II (Invitrogen) following the manufacturer’s instructions. Each real time quantitative PCR (qPCR) reaction was performed using 1 µl of a two-fold dilution of the cDNA as template.

All primers were designed using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) (Table S1). The qPCR reactions were performed with a 20 µL final volume mix of Taq platinum (Invitrogen), SYBR Green I (0.002X) (Invitrogen), ROX (0.02X) (Invitrogen) and dNTPs (4 µM) (Invitrogen) on Applied Biosystem Step One Plus using standard cycling conditions. All reactions were performed in duplicate and qPCR data were analyzed using the 2 –ΔΔCT with efficiency correction as described previously (18). For each animal, the untreated condition and gadph were used as the calibrator and reference gene, respectively. Final calculations and a paired nonparametric test were performed using Fg statistical software (https://www.infostat.com.ar/index.php?mod=page&id=34&lang=en).



Flow Cytometry

Each flow cytometry determination was performed using 2x106 cells from seven or five animals. The expression of WC1 (MCA1655F), CD335 (NKp46) (MCA2365A488), CD25 (MCA2430F and MCA2430PE), and IFN-γ (MCA1783PE) were assessed by staining cells with different fluorescent-conjugated monoclonal antibodies (AdD Serotec). For each FACS experiment, tubes with the corresponding isotype controls were set (MCA929F, MCA929PE, MCA928A488, MCA929A647). Briefly, for the surface markers study, cells were washed twice with PBS and 4% foetal bovine serum (FBS) (Invitrogen), stained with the specific antibodies and finally fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich). Because antibodies against WC1 and CD335 surface markers carry fluorochromes with very similar excitation and emission spectrum, these surface markers were labelled separately. The stained cells were analyzed in a FACScalibur cytometer (BD) using Cell Quest software. Analysis gates were set on lymphocytes according to forward and side scatter (Figure S2). IL-2R (CD25) expression was analyzed in WC1+ and CD335+ populations as a marker of cell activation.

For IFN-γ analysis, cells were stained intracytoplasmatically using Monensin (1X) (Sigma-Aldrich) as protein transport inhibitor and phorbol myristate acetate and calcium ionophore (PMA-ionomycin) (Sigma-Aldrich) as a positive control, by following standard BD protocols. Percentages of CD25+ and IFN-γ + cells were expressed as the percentage of WC1+ or CD335+ cells positive for these markers among total WC1+ or CD335+ populations. For each labeled sample, 50,000 events from a single cell well were analyzed.




Results


Virulent M. bovis 04-303 Induces Th1 Cytokines in Naïve Immune Cells

In a previous report, infection of cattle with the strain Mb04-303 produced higher levels of IFN-γ in respond to in vitro stimulation with M. bovis antigens than infection with the strain MbNCTCT10772 (20). Although Mb534 has never been tested in cattle, in a mouse model this strain was less lethal, and produced limited tissue damage, in relation to Mb04-303 (21).

We evaluated the expression of immune mediators in co-cultures of M. bovis-infected macrophages and autologous lymphocytes. Only strain Mb04-303 induced the transcription of IFN-γ, iNOS and IL-22 genes (p<0.05) over the basal levels of the non-infected co-cultures (Figure 1). The expression of these immune mediators was also higher upon MbNCTC10772 infection, but with no significant differences in relation to the non-infected cells. Mb534 infected macrophages maintained basal levels of the expression of these mediators, similar to those of the non-infected cells. IFN-γ also was upregulated in Mb04-303-infected co-cultures in comparison with Mb534. Moreover, CXCL9, an important chemokine and a proposed biomarker of infection (31), showed different expression patterns between Mb04-303 and MbNCTC10772 infections.




Figure 1 | Expression of immune mediators assessed by RT-qPCR in co-cultures from five to seven different calves (N=5-7) infected with M. bovis strains (MOI=5). After infection, bovine macrophages were incubated with autologous lymphocytes (1:10) for 16 h. Total RNA was extracted using Trizol standard protocols. Relative expression of each immune mediator was analyzed using gapdh as a reference gene and the non-infected condition as calibrator (bars represent mean values and whiskers SEM). + indicates significant upregulation in relation to the non-infected condition (p<0.05) analyzed by pair wise fixed reallocation randomization test (https://www.infostat.com.ar/index.php?mod=page&id=34&lang=en). *indicates significant differences between co-cultures infected with different strains (p<0.05) determined by Friedman test.



To characterize a pro-inflammatory activation pathway and relevant cell receptors, we studied the expression of Toll like receptor 2 (TLR2), Toll like receptor 4 (TLR4), Myeloid differentiation primary response protein (MyD88), dendritic cell–specific intercellular adhesion molecule-3 grabbing nonintegrin (DC-SIGN) and the mannose receptor type 1 (MRC1). The level of expression of TLR2, TLR4 and MyD88 was unaltered upon M. bovis infections (Figure 1).

DC-SIGN and MRC1 receptors were downregulated only in Mb534 infected co-cultures (p<0.05). These results are consistent with the unaltered expression of pro-inflammatory cytokines and elimination of Mb534 by host cells as described in the Discussion section.



Cell Activation in M. bovis Infected Co-Cultures

To evaluate cell activation in Mb04-303, MbNCTC10772 or Mb534 infected co-cultures, we assessed the IL-2R (CD25) surface expression in NKp46+ and WC1+ cells. Significant upregulation of CD25 for WC1+ and NKp46+ cells was evident after infection with Mb04-303 in comparison to the non-infected condition (p<0.05) (Figure 2). MbNCTC10772 and Mb534-infected co-cultures did not show this activation (Figure 2). The increased cellular activation in Mb04-303 infected co-cultures is consistent with the pro-inflammatory immune cytokine profile observed in Figure 1.




Figure 2 | CD25 (IL-2R) expression assessed by flow cytometry in infected co-cultures (MOI=1) of cells obtained from five different calves (N=5). For each animal sample and condition tested a single cell well was analyzed. The results are expressed as CD25+ cells among total WC1+ (A) and NKp46+ (B) populations. Whiskers and plots indicate minimum, maximum and mean values. *p<0.05 using Friedman test with Dunn’s post- test for multiple comparisons.





Innate Immune Response Elicited by Mb04-303 Inhibits Growth of M. bovis in Macrophages

We next assessed if the observed innate immune response was capable of inhibiting the M. bovis intracellular growth. Infections of differentiated macrophages from three PPDb- and PPDa- cattle with Mb04-303, MbNCTC10772 or Mb534 at MOI=1 showed similar patterns 3 h post infection (T0), as assessed by CFU counts (Figure 3). However, only strain Mb04-303 maintained the macrophage infection level after 72 h. Remarkably, CFUs of strain Mb04-303 were higher in infected macrophages than in co-cultures with autologous lymphocytes 72 h post infection. This finding reveals an inhibition of intracellular Mb04-303 replication in co-cultures (p<0.001).




Figure 3 | Mycobacterial growth inhibition assay. Macrophages were infected with M. bovis strains (MOI=1) and co-cultured with autologous lymphocytes or culture media alone (control condition). Colony forming units were counted 3 h post infection (to detect any variation in inoculum between strains) and at 72 h. Cells were purified from three different calves (N=3). Macrophages and co-cultures were infected in parallel and in triplicate for each condition (technical replicates); bars represent mean values and whiskers SEM. ***p<0.001 ANOVA test with Bonferroni post-test for multiple comparisons. ns, not significant.



As evidenced by flow cytometry analysis, infected co-cultures conditions displayed a slight, but not significant, increase of cell death in relation to macrophages alone (Figure S3A). Thus, the inhibition of Mb04-303 replication in infected co-cultures was not related to increased cell death. No bacterial load reduction was evident in MbNCTC10772 or Mb534 infected co-cultures in comparison with the control condition (macrophages alone). Altogether, these results indicate that the innate immune response capable of reducing the intracellular viability of Mb04-303 depends on non-adherent cells. By contrast, non-adherent immune cells seem to not contribute to the control of MbNCTC10772 or Mb534 infections by macrophages.



NKp46 and WC1+ Cells Produce IFN-γ in Co-Cultures Infected With Mb04-303

To identify the cell populations responsible for increased IFN-γ transcription, we measured the production of this cytokine in the co-cultures infected with Mb534, MbNCTC10772 or Mb04-303 using flow cytometry and specific antibodies.

WC1+ and NKp46+ cells in Mb04-303 infected co-cultures produced higher levels of IFN-γ than the non-infected controls (p<0.01) (Figure 4). WC1+IFN-γ+ cells were also increased in infections with Mb04-303 relative to infections with the attenuated strain Mb534 (p<0.01) (Figure 4A). In agreement with IFN-γ RT-qPCR results (Figure 1), no significant IFN-γ increase was apparent in Mb534 and MbNCTC10772 infected co-cultures in comparison with non-infected controls (Figure 4). In Mb04-303 infected co-cultures, NKp46+ cells were the most responsive cell population, with a mean of 10.95% NKp46+ IFN-γ+ among total NKp46+ cells (Figure 4B). WC1+IFN-γ+ represented 3.46% of the total WC1+ population (Figure 4A). Adherent cells, most of them differentiated to macrophages, seemed to express IFN-γ upon infection with M. bovis strains, although the results were not significantly different to those of the non-infected cells (data not shown). This result is in agreement with previous reports where macrophages are described as a poor source of IFN-γ compared with NK and T cells (32).




Figure 4 | IFN-γ intracytoplasmic quantification assessed by flow cytometry in infected co-cultures (MOI=1) of cells obtained from seven different calves (N=7). For each animal sample and condition tested, a single cell well was analyzed. The results are expressed as IFN-γ+ cells in total WC1+ (A) and NKp46+ (B) populations. Each symbol represents an individual animal; horizontal lines represent mean values and whiskers SEM. **p < 0.01 determined by Friedman test with Dunn’s post-test for multiple comparisons.





Upregulation of IFN-γ in Co-Cultures Requires Viable Infecting Bacteria and Mature APCs

To assess the relevance of APCs in the IFN-γ production (Figure 4), we infected PBMC with Mb04-303 and quantified NKp46+IFN-γ+ and WC1+IFN-γ+ cells. In this cell population, in which monocytes were not differentiated to mature APCs, Mb04-303 infection did not induce significant IFN-γ production in relation to control conditions (Table 1).


Table 1 | Frequency of cells producing IFN-γ in different cell systems upon stimulation with heat inactivated (HI) or viable bacteria (V).



To determine whether compounds secreted or produced in vivo by M. bovis are essential to mount an innate immune response, we used heat-inactivated Mb04-303 to stimulate macrophages co-cultivated with autologous lymphocytes. No significant production of IFN-γ+ cells was detected under this condition. As expected, stimulation of PBMC with heat-inactivated Mb04-303 neither increased IFN-γ+ cell levels compared to the non-stimulated control condition (Table 1).

Thus, mature APCs are relevant in IFN-γ expression probably through cell-to-cell contact or secreted immune mediators from mature APCs. The incapacity of inactivated mycobacteria to induce IFN-γ production suggests that the activation of IFN-γ pathway requires secreted bacterial compounds that are not released when the bacteria are dead.



The Most Virulent M. bovis Strains Induced the Lowest Expression Levels of Natural Cytotoxicity Receptor NKp46

As a way to analyze the NK cell activation in the M. bovis infected co-cultures, we determined the mean fluorescence intensity (MFI) in the NKp46+ population. To study the MFI in histogram plots, we used the data of CD25 and IFN-γ determinations and gated the NKp46+ cells. Mb04-303 and MbNCTC10772 infections induced a downregulation of NKp46+. Moreover, Mb04-303 infections showed the lowest levels of NKp46 expression (p<0.001), followed by MbNCTC10772 infections (p<0.05) (Figure 5). Mb534 infections achieved the highest expression of NKp46, although the value was not significantly different from the non-infected controls.




Figure 5 | Mean fluorescence intensity (MFI) of NKp46 expression in NK cells. For each animal sample and condition tested a single cell well was analyzed. Whiskers and plots indicate minimum, maximum and mean values (*significant differences; p < 0.05 and ***p < 0.001 by Friedman test).





Secreted Compounds of Mb04-303 Are Relevant for IFN-γ Expression

We hypothesized that the upregulation of IFN-γ in Mb04-303 co-cultures was due to the presence of mycobacterial proteins with acyl or glycosyl groups, lipids or other bacterial secreted factors, and therefore performed studies with lyophilized Mb04-303-CS. Again, IFN-γ production was assessed by flow cytometry in γδ WC1+ and NKp46+ cell populations. For each analyzed animal, we used 10 mg of lyophilized culture medium alone (CS 7H9-P-ADC 10 mg) as a control.

WC1+ and NKp46+ cells responded to the secreted compounds from the bacteria by increasing IFN-γ levels in these cell populations (p<0.05), upon incubation with 10 mg of CS (Figure 6). Although cell viability decreased to a mean value of 77.6% (Figure S3B) with the highest CS concentration (10 mg/mL), the studied lymphocyte gate was suitable for the analysis. The cell viability decrease may be because of high osmolality of the cell culture media, since pH was unaltered.




Figure 6 | IFN-γ intracytoplasmic quantification by flow cytometry in co-cultures of cells stimulated with 5 or 10 mg of Mb04-303 lyophilized culture supernatants (CS). Lyophilized culture medium alone (CS 7H9-P-ADC 10mg) was used as a negative control. For each animal sample and condition tested, a single cell well was analyzed. Each symbol represents an individual animal; horizontal lines represent mean values and whiskers SEM. The results are expressed as IFN-γ+ cells in total WC1+ (A) (N=5) and NKp46+ (B) (N=8) populations (*p < 0.05 and ***p < 0.0001 significant differences by Friedman test with Dunn’s post-test for multiple comparisons).



Percentages of NKp46+IFN-γ+ cells upon stimulation with CS were higher than those of co-culture infections with viable Mb04-303 [with a mean value of 27.89% (5 mg CS) and 57.41% (10 mg CS) of NKp46+IFN-γ +/total NKp46+ compared to 10.95% of NKp46+IFN-γ +/total NKp46+ cells in co-cultures infected with viable Mb04-303]. Moreover, percentages of NKp46+IFN-γ+ cells increased with higher CS concentrations. For WC1+ cells, only the highest CS concentration (10 mg) induced a significant IFN-γ expression (p<0.05).

Since the bacterial lipids are relevant for the interaction of pathogenic mycobacteria with their host (33), we compared the mycolipid contents in CS of Mb04-303 and Mb534. Thin layer chromatography (TLC) and liquid-chromatography and mass spectrometry (LC-MS) experiments showed that Mb04-303 secreted more mycoside B than Mb534 (Figure S4). Mycoside B is a lipid that shares much of the biosynthetic pathways of phthiocerol dimycocerosates (PDIM), PDIMA and PDIMB; all these lipids are involved in the interaction of pathogenic mycobacteria with the host cells (33).

The most distinctive feature of M. bovis 04-303 is the non-synonymous mutation in its esat-6 gene. This gene (also called esxA) encodes 6 kDa early secretory antigenic target (ESAT-6). The mutation changes a threonine (T) in position 63 for an alanine (A) (25). To assess the impact of ESAT-6 mutation in the magnitude of the innate immune response induced by the bacilli, we expressed the mutant variant of ESAT-6 (ESAT-6 T63A) in M. bovis 534. As control, we overexpressed the wild type version of ESAT-6 in 534.

Both recombinant 534 strains secreted equivalent amounts of ESAT-6 (Figure S5). Macrophages co-cultivated with autologous lymphocyte were infected with the recombinant strains. The most responsive cells in the previous determinations were NKp46+, therefore we decided to focus on this cell population to study the innate immune response induced upon infection with Mb534 expressing the different versions of ESAT-6.

Only infection with M. bovis 534 expressing ESAT-6 T63A (Mb534::ESAT6 T63A) increased the percentage of NKp46+IFNγ+ cells compared with the un-infected condition (Figure 7). In addition, cell co-cultures incubated with 10 mg of lyophilized Mb534::ESAT6 T63A-CS induced significant production of IFNγ in NKp46+ cells, in comparison with the un-stimulated condition (Figure 8), whereas incubation of these co-cultures with lyophilized Mb534::ESAT6-CS did not stimulate the production of IFNγ in NKp46+ cells.




Figure 7 | Percentages of NKp46+ IFN-γ+ in co-cultures from seven calves (N=7) infected with the recombinant versions of Mb534 expressing wild type ESAT-6 (Mb534::ESAT6) and the Mb04-303 mutant version of ESAT-6 (Mb534::ESAT6 T63A). For each animal sample and condition tested, a single cell well was analyzed. Each symbol represents an individual animal; horizontal lines represent mean values and whiskers SEM. The results are expressed as IFN-γ+ cells in total NKp46+ population (*significant differences p < 0.05 by Friedman test with Dunn’s post-test for multiple comparisons).






Figure 8 | Percentages of NKp46+ IFN-γ+ in co-cultures from ten calves (N=10) stimulated with 10 mg of the lyophilized culture supernatants (CS) from the recombinant versions of Mb534 expressing wild type ESAT-6 (Mb534::ESAT6) and the Mb04-303 mutant version of ESAT-6 (Mb534::ESAT6 T63A). Lyophilized culture medium alone (10 mg) was used as a negative control (CS 7H9-P-ADC). For each animal sample and condition tested, a single cell well was analyzed. Each symbol represents an individual animal; horizontal lines represent mean values and whiskers SEM. The results are expressed as IFN-γ+ cells in total NKp46+ population (*significant differences p < 0.05 by Friedman test with Dunn’s post-test for multiple comparisons).





Mutation in esat-6 From Mb04-303 Enhances Dimer Formation

Self-interaction of ESAT-6 and interaction with CFP-10 has been previously demonstrated in vitro; moreover, the formation of homo and hetero multimers of these ESX-1 proteins may be crucial in the interaction of M. tuberculosis with the host cells (34, 35).

To evaluate the capacity of ESAT-6 and ESAT-6 T63A to form dimers, we used an E. coli two-hybrid system. The genes encoding both allele variants of ESAT-6 were cloned into the bait and prey plasmids as fusion to T25 and T18 fragments of the catalytic domain of the adenylate cyclase toxin (CyaA) of Bordetella pertussis (29). All different plasmid combinations (pkT25-ESAT-6T63A+pUT18c-ESAT-6T63A, pkT25-ESAT- 6+pUT18c-ESAT-6, pkT25-ESAT-6+pUT18c-ESAT-6T63A, pkT25-ESAT-6 T63A+pUT18c-ESAT-6 and control plasmids) were co-transformed in E. coli BTH.

Adenylate cyclase activity was determined in E. coli transformants by measuring LacZ activity (Figure 9) and by growing the bacteria in medium containing maltose as unique carbon source (Figure S6). No protein interaction was detected in co-tranformants expressing ESAT-6 wild type as fusion to both adenylate cyclase fragments. However, E. coli strains expressing at least one protein fusion containing ESAT-6T63A showed adenylate cyclase activity (Figures 9 and S6), thus indicating protein-protein interaction. ESAT-6T63A interacted with itself and with ESAT-6 wild type (Figures 9 and S6).




Figure 9 | In vivo interaction of ESAT-6 alleles. Protein interactions were determined by using a bacterial two- hybrid assay. E. coli BTH 101 cells were transformed with the plasmids described in the figure and the β-galactosidase activity was measured as described in M&M. The bars represent β-galactosidase activity, expressed as Miller units [A420x1000/reaction time (min)xA600] ± S.D. of triplicate. Plasmids pUT18c-ESAT-6 and pkT25-ESAT-6 are respectively pUT18c and pKT25 vectors carrying ESAT-6 WT. Plasmids pUT18c-ESAT-6T63A, and pkT25-ESAT-6T63A are respectively pUT18c and pKT25 vectors carrying ESAT-6T63A. NC, negative control; PC, positive control. (Statistical analysis was performed using ANOVA and Bonferroni post test to compare among the different plasmid constructions). a: significant difference between 1 and 2 (p<0.05); b: 1 and 3 (p<0.0001); c: 1 and 4 (p<0.0001); d: 2 and 3 (p<0.0001) and e: 2 and 4 (p<0.0001).



Altogether these results indicated that mutation in position 63 of ESAT-6 improved the self-association of ESAT-6, at least in the in vivo system used in this study.




Discussion

The relevance of the innate immune response in TB disease has been addressed in several papers (36–38). Siddiqui et al. (39) reported the importance of a pre-established innate immune response to control bTB through vaccination trials in animal models and in humans. Recently, Netea et al. (40) have demonstrated that innate immunity can display adaptive characteristics after challenge with pathogens or their products. Also, in bTB a number of reports have demonstrated the central role of the innate immune response to control the intracellular replication of M. bovis in macrophages (8, 10). In particular, Carpenter et al. have described that PBMC from healthy cattle incubated with autologous BCG-infected bovine macrophages produced IFN-γ (41) and partially inhibited the intracellular multiplication of BCG (42). Also, a study in ferrets has suggested the cross talk between lymphocyte, NK and alveolar macrophages to control M. bovis intracellular replication (43). More recently, Denis et al. (44) and Endsley et al. (15) confirmed this finding in bTB. These two groups demonstrated that the control of the intracellular growth of M. bovis or M. bovis BCG relied on cell to cell contact between NK cells and infected macrophages (15, 44). In addition, Hamilton et al. described that NK cells isolated from young calves and co-cultured with BCG infected DCs displayed increased expression of CD25 and IFN-γ production (45).

All these findings highlight the multifaceted role of the innate immune system in response to bTB. Indeed, the granuloma formation, at least in its incipient stage, seems also to depend on the induction of the innate immune system by mycobacterial factors, as demonstrated in a zebrafish larva model of tuberculosis (46).

Despite these early reports, none of those studies have focused on the impact of the M. bovis strain variability in this immune response.

Here, we characterized the innate immune profile elicited by the virulent strain Mb04-303, which produces severe immunopathology in experimental infection models (20). The results showed that Mb04-303 induced a strong innate immune response, whereas Mb534 and MbNCTC10772 produced marginal or no response. Indeed, after in vitro infection of macrophages with Mb04-303, the innate immune response efficiently reduces mycobacterial replication.

Previous results from our group had shown that MbNCTC10772 did not produce pulmonary bTB in cattle (24) and Mb04-303 produced macroscopic lung lesions, with abundant cellular infiltration (20, 24). These findings indicate that innate immune response elicited by Mb04-303 would not be sufficient to control the disease in vivo. Probably, this strong innate response (reported in this study), together with the pro-inflammatory response (specific production of IFN-γ and IL-17) previously detected in experimentally infected cattle (47), is ultimately harmful to the host and facilitates the progression of bTB disease. Another plausible explanation to the poor protection observed in M. bovis 04-303 infections is that the bacteria develop strategies to evade the host immune response, as in M. tuberculosis infections (48).

Although the number of M. bovis strains here analyzed is limited, the results of this study suggest that virulent M. bovis strains are better immune stimulators than more attenuated M. bovis strains. However, Wedlock et al. have found that both attenuated and virulent M. bovis strains induced high levels of pro-inflammatory cytokine when inoculated in cattle and proliferated well in bovine alveolar macrophages (49). What remains to be determined is why a strong immune response cannot always efficiently control the bacterial replication and, therefore, the progress of the bTB disease.

Only strain Mb04-303 induced a low, but significant, cell activation of NKp46+ and WC1+ cells. These results are consistent with the induced expression of the key cytokines and the immune mediators described in the Results section.

Examples in the literature have reported activation of naïve cell proliferation in response to mycobacterial components. For example, bovine γδ T cells can proliferate and produce IFN-γ in response to protein and non-protein mycobacterial antigens following infection (50). Similarly, NK cells can also proliferate in contact with autologous macrophages infected with BCG (51). On the other hand, lipoarabinomanan/lipomanan molecules enhanced differentiation of naïve CD4 T human cells (52).

Although protective immune response against bTB relies on a Th1 cytokine profile and on one of its key player, IFN-γ, the role of this cytokine in activating naïve bovine macrophages against intracellular M. bovis growth is still unclear. The study of Aldwell et al. (53) has shown that IFN-γ pretreatment of bovine alveolar macrophages infected with M. bovis caused only partial growth inhibition (53), which is consistent with the low response of alveolar macrophages to IFN-γ (54). A previous study has shown that although incubation of NK cells with infected macrophages enhanced the levels of IFN-γ released by NK cell, this IFN-γ increase has no impact on controlling M. bovis intracellular replication (44). In this study, a gene transcriptional analysis of infected macrophages co-cultured with lymphocytes revealed that only strain Mb04-303 induced the expression of IFN-γ together with the expression of IL-22 and iNOS. Although the experimental design of this transcriptomic study did not allow us to distinguish which cell types differentially express IFN-γ, IL-22 or iNOS, we determined that NK cells, and to a lesser extend γδ T cells, were the main source of IFN-γ production in response to Mb04-303 infection. Indeed, the significant production of IFN-γ by γδ T and NK cells upon macrophage infection with Mb04-303, in relation to infection with the other M. bovis strains and the uninfected condition, strongly suggests that IFN-γ is at least in part responsible for controlling Mb04-303 replication.

Further research is necessary to define the contribution of IFN-γ to control M. bovis growth inside cells.

The lack of a commercial antibody against bovine IL-22 prevented us from defining the cell populations expressing this cytokine. Steinbach et al. have identified CD4+ and γδ T cells as the main producers of IL-22 in lymphocytes from M. bovis-infected cattle (55). On the other hand, Fu et al. have recently identified NK cells as a source of IL-22 (56).

Consistent with our findings, Magee et al. have shown that the expression of TLR2, TLR4 and MyD88 did not change in bovine macrophages after 6 h of infection with M. bovis in relation to the non-infected control (57). These authors, as well as Ma et al. (58), have reported that a MyD88-independent TLR signaling pathway is relevant in bTB.

The mannose cell receptors are key players in TB infection and this fact correlates with the high number of mannosylated proteins secreted by M. tuberculosis (59). Indeed, potential M. tuberculosis ligands of DC-SING have been previously reported (60). In this study, the expression of DC-SING was altered in co-cultures infected with Mb534. It has been proposed that DC-SING suppresses the pro-inflammatory responses against M. tuberculosis in human macrophages and that the inactivation of DC-SING renders human macrophages less permissive to M. tuberculosis replication (61). Also, it has demonstrated that a mutation of DC-SIGN, which resulted in its lower expression, protected against tuberculosis induced lung cavitation (62). Other study has linked the expression of DC-SIGN with TB disease progression (63). Therefore, the lower expression of DC-SING in co-cultures infected with Mb534 could explain in part the low persistence of this M. bovis strain inside macrophages and its reduced virulence in mice (21). Similarly, the attenuated vaccine strain, M. bovis BCG decreased the DC-SIGN expression on human DCs (64).

Another mannose receptor downregulated in co-cultures infected with Mb534 was MRC1. Some evidence support a beneficial role of MRC1 to control M. tuberculosis infections. For instance, Leisching et al. have reported that infection of murine macrophages with a M. tuberculosis Beijing clinical isolate induced downregulation of MRC1 gene expression, suggesting that the repression of MRC1 expression favor M. tuberculosis infection (65). In addition, two studies showed polymorphisms in MRC1 gene associated with susceptibility to TB in some human populations (66, 67). Other reports, by contrary, indicate that expression of MRC1 is detrimental for the host in the context of TB infections. Several studies have demonstrated that the binding of a mycobacterial glycolipid (MamLAM) to MRC1 impaired the phagosome fusion with lysosomes and further acidification (68). This last finding is consistent with the downregulation of DC-SING in Mb534 infection observed in this study and the fact that this strain has shown reduced capacity to avoid phagosome maturation in bovine macrophages (25).

Altogether the findings of our study suggest that the attenuated strain, Mb534, repressed the expression two mannose receptors and this could be associated with its reduced capacity of evading the cell immune response. However, cell infections with the virulent Mb 04-303 did not show the contrasting phenotype, which is upregulation of MRC1 and DC-SING. Therefore, more research is necessary to establish the importance of these mannose receptors in the interaction of M. bovis with the bovine cells.

In this study we compared the expression of the natural cytotoxicity receptor (NCR), NKp46, upon macrophage infections with the three M. bovis strains. This receptor, which was the first NCR described in NK cells, recognizes a spectrum of viral, bacterial (i.e. Vimentin from M. tuberculosis) and cell ligands, leading to NK cell activation. NKp46 also participates in the regulation of NK cell function (69). However, the role of NKp46 receptor in mediating immune response against TB is controversial.

A previous study described a direct relationship between the expression of NKp46 receptor and the mycobacterial killing by NK cells (70), whereas another study has reported a downregulation of this cytotoxic receptor in TB patients (71). In this last study, the treatment of patients resulted in a recovery of IFN-γ levels produced by NK cells, but failed to induce upregulation of the NKp46 receptor. Consistently with this latter finding, herein no direct relation was detected between IFN-γ induction and NKp46 expression in infected co-cultures. In fact, the opposite was evident: Mb04-303 infected co-cultures showed low levels of NKp46 receptor expression but the highest levels of IFN-γ production. On the other hand, NK cells of Mb534 infections registered the highest median values for NKp46 fluorescence intensity. Vankayalapati et al. have reported NKp46 overexpression in NK cells from healthy tuberculin reactors when the cells were co-cultured with autologous monocytes infected with the attenuated strain M. tuberculosis H37Ra (70). Therefore, the results of Vankayalapati et al.’s study and our results suggest that the expression and function of NKp46 depend on the mycobacterial virulence.

Another outcome of this study is that IFN-γ expression in Mb04-303 infected cells occurs in the presence of differentiated macrophages. This result emphasizes the relevance of mature APCs to achieve an effective innate immune response. Probably, certain immune mediators secreted from APCs and/or signals triggered during cell-to-cell contact interaction are decisive to mount this response. In line with this idea, Siddiqui et al. have detected IFN-γ secretion and expression of both CD25 and the major histocompatibility complex class (MHC) II on WC1+ γδ T cells co-cultured with M. bovis-infected DCs (8).

Live M. bovis BCG induced a more protective adaptive immune response than inactivated mycobacteria when tested as vaccines in cattle (72, 73); which suggests a central role for compounds secreted by viable mycobacteria in mediating this immune response. Consistently, our study demonstrated that M. bovis secreted compounds are crucial for the induction of an effector innate immune response in the context of mature APCs. In fact, NKp46+ and WC1+ populations showed increased levels of IFN-γ under both experimental conditions, infection with viable M. bovis and stimulation with lyophilized mycobacterial culture supernatant, whereas no response was detected with killed mycobacteria as stimulator.

Researchers have extensively studied the role of mycobacterial secreted lipids and proteins in modulating the immune response against TB. Prolonged exposure to MTB 19-kDa or LprA lipoprotein inhibits macrophage MHC-II expression and Ag processing by a TLR2-dependent mechanism and particularly the 19-kDa lipoprotein is an inhibitor of macrophage-responses to IFN-γ (74). Ishikawa et al. have also summarized the mycobacterial ligands and their wide variety of mammalian immune sensors, including the C-type lectin receptors (75). These authors proposed these receptors as intermediates between innate immune receptors and acquired immune receptors based on their abundance and broad ligand specificity. In addition, purified phosphatidylinositol mannoside molecules activate bovine lymphocyte populations, in particular NKT cells (76). Therefore, the highest activation of innate immune response upon stimulation with CS from Mb04-303 may be in part due to the highest secretion of immunogenic lipids, such as mycosid B, from this M. bovis strain.

A relevant outcome of this study is that the expression of ESAT-6T63A allele in Mb534 significantly increased the antigenicity of the recombinant M. bovis strain. Moreover, stimulation of co-cultures with CS from recombinant Mb534 expressing ESAT-6T63A also increased the percentage of NKp46+IFN+ cells.

ESAT-6 or EsxA is part of a mycobacterial protein family known as Esx. ESAT-6 forms a dimer/multimer with CFP-10 (culture filtrate antigen or EsxB) (Mb3904) and both proteins are strong stimulators of cell-mediated immunity (77). With the exception of M. bovis 04-303, the protein sequence of ESAT-6 is conserved in all sequenced M. bovis isolates (78).

We found that the amino-acid change in ESAT-6T63A improved the self-association of this protein, although the mutation maps outside of the known ESAT-6 protein interacting domain (79). Previous evidence indicated that in the absence of detergents, recombinant ESAT-6 self-associated to form dimers/multimers with specific functions (34). These protein dimers or multimers have shown to induce cell death, membrane pore formation and IFN-γ production, whereas treatment with a detergent disassociated ESAT-6 and abrogated these biological functions (34). Although in the present study we did not evaluate the impact of ESAT-6 mutation in the interaction with CFP-10, Refai et al. assessed the effects of dimer/multimer formation of ESAT-6 and the complex ESAT-6/CFP-10 on the infectivity of a recombinant BCG vaccine. They found that the dimers/multimers of ESAT-6 increased the infectivity of BCG in the same manner that the complex ESAT-6/CFP-10, suggesting that the dimers of ESAT-6 behave similarly to the physiological complex ESAT-6/CFP-10 (34).

Therefore, our and other findings suggest that the efficient innate immune response induced upon infection of bovine cell co-cultures with Mb04-303 is, at least in part, explained by the high protein-protein interaction capacity of ESAT-6T63A.

In conclusion, in this study we demonstrated that APCs play an essential role in the interaction of M. bovis with components of the innate immune response in the in vitro cell bovine system evaluated. In addition, the intensity of this innate immune response depends on the background of the M. bovis strains and certain unknown actively secreted mycobacterial compounds would be the main players in this host-pathogen interaction. Finally, the highly virulent strain Mb04-303 induces a powerful innate immune response capable of controlling M. bovis replication inside bovine macrophages and this immune response is at least in part explained by a non-synonymous mutation in esxA (esat-6) gene.

Future studies with M. bovis strains with varying degrees of virulence and M. bovis reference strains (AF2122/97 and AN5) will expand this work and give more information about the innate immune response towards M. bovis infection.

Finally, the findings in this study highlight the importance of evaluating the quality of the innate immune response induced by M. bovis and M. tuberculosis isolates before using them as parental strains for developing attenuated live vaccine candidates.
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Supplementary Figure 1 | Representative flow cytometry using an anti-bovine CD14 antibody (MM61A, VMRD) for evaluation of macrophage purity in cultured adherent cells after 4-5 days of incubation.

Supplementary Figure 2 | Representative dot plots. Gate strategy: (1) R1, lymphocyte gate used for WC1+ cells and (2) R2, gate used for NKp46+ cells. Dot plots from representative samples of WC1+IFN-γ+ in line A and NKp46+ IFN-γ+ in line B for non-infected and infected co-cultures (double positive events are represented in the upper right quadrant of each dot plot). Representative dot plots of NKp46+IFN-γ+ cells incubated with 5mg and 10mg lyophilized bacterial culture medium supernatant (CS) from Mb04-303 are depicted in line C.

Supplementary Figure 3 | Cell viability evaluation for the mycobacterial growth inhibition assay in macrophages and co-cultures with autologous lymphocytes (+PBMC) infected with the different M. bovis strains (A) and for lymphocytes (B) stimulated with lyophilized bacterial culture media supernatant (CS).

Supplementary Figure 4 | Lipid analysis of M. bovis strains (A) LC-MS analysis of secreted total lipids from M. bovis strains. (B and C) Thin-layer chromatograms of lipids from culture supernatants of M. bovis strains. Total lipids analyzed with a 9:1(v/v) mixture of n-hexane and diethyl ether (B) or 19:1 (v/v) mixture of chloroform and methanol (C) as the developing solvents. The arrows indicate the location of phthiocerol dimycocerosate (B) and mycoside (B C) as described in (22). 20 × 20 cm × 0.5-mm layers of silica gel G were used and chromatograms were sprayed with CuSO4 heated with heat gun.

Supplementary Figure 5 | Western blot analysis in total secreted proteins from M. bovis strains with polyclonal α-ESAT-6. (1) Mb534::ESAT6 (2) Mb534::ESAT6T63A. Arrows indicate the position of ESAT-6 monomers and multimers.

Supplementary Figure 6 | In vivo interaction of ESAT-6 alleles. Growth of co-transformed E. coli BTH101 strains in medium supplemented with maltose as sole carbon source. (A) significant difference between 1 and 2 (p<0.0001); (B) 1 and 3 (p<0.0001); (C) 1 and 4 (p<0.0001); (D) 2 and 3 (p<0.0001, p<0.05 at day 4); (E) 2 and 4 (p<0.0001) and (F) 3 and 4 (p<0.0001, p<0.001 at day 4).

Supplementary Table 1 | Primers for real time PCR.
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Dissecting the function(s) of proteins present exclusively in Mycobacterium tuberculosis (M.tb) will provide important clues regarding the role of these proteins in mycobacterial pathogenesis. Using extensive computational approaches, we shortlisted ORFs/proteins unique to M.tb among 13 different species of mycobacteria and identified a hypothetical protein Rv1509 as a ‘signature protein’ of M.tb. This unique protein was found to be present only in M.tb and absent in all other mycobacterial species, including BCG. In silico analysis identified numerous putative T cell and B cell epitopes in Rv1509. Initial in vitro experiments using innate immune cells demonstrated Rv1509 to be immunogenic with potential to modulate innate immune responses. Macrophages treated with Rv1509 exhibited higher activation status along with substantial release of pro-inflammatory cytokines. Besides, Rv1509 protein boosts dendritic cell maturation by increasing the expression of activation markers such as CD80, HLA-DR and decreasing DC-SIGN expression and this interaction was mediated by innate immune receptor TLR2. Further, in vivo experiments in mice demonstrated that Rv1509 protein promotes the expansion of multifunctional CD4+ and CD8+T cells and induces effector memory response along with evoking a canonical Th1 type of immune response. Rv1509 also induces substantial B cell response as revealed by increased IgG reactivity in sera of immunized animals. This allowed us to demonstrate the diagnostic efficacy of this protein in sera of human TB patients compared to the healthy controls. Taken together, our results reveal that Rv1509 signature protein has immunomodulatory functions evoking immunological memory response with possible implications in serodiagnosis and TB vaccine development.




Keywords: B cells, dendritic cells, effector memory, human TB patients, pathogenesis, T cells



Introduction

Mycobacterium tuberculosis (M.tb), the tuberculosis (TB) pathogen, is one of the oldest pathogens in human history which infects millions worldwide. Of the over 10 million people who fall sick each year due to tuberculosis (TB), 1.2 million died in 2019 (1). Over the last five years, an increasing percentage (21%, 0.46 million) of drug resistant TB further complicates this problem (2) necessitating programmatic versus personalized approaches to manage multidrug resistant tuberculosis (MDR-TB) (3). M.tb has evolved multiple strategies to evade and exploit the host immune surveillance system for its survival inside the macrophages. Despite the century old Bacillus Calmette Guerin (BCG) vaccine against TB, we have still not been successful in containing the spread of TB (4). Several efforts in improving diagnostics, vaccines and treatment for TB have been impeded by the complex biology and heterogeneous interplay between the host and M.tb. BCG, a live attenuated strain of M.bovis, confers insufficient protection against pulmonary tuberculosis in adults (5) highlighting the need for identification and characterization of novel mycobacterial antigens that can induce a protective immune response against M.tb. Comparative computational approaches of different species of mycobacterium revealed reductive evolution along with concomitant gain in pathogenesis (6, 7). Genes playing a key role(s) in virulence and pathogenesis were retained by M.tb, and elucidation of functional aspects of these genes is, therefore important to understand the pathogenesis of TB. Identification and characterization of new M.tb antigens (termed as “hypothetical” genes with uncharacterized function in Mycobrowser (https://mycobrowser.epfl.ch/)) have been accelerated during the last few years, particularly following the computational annotation approaches. We recently showed the immunomodulatory role of a M.tb specific hypothetical protein, Rv1507A under in vitro and in vivo conditions, suggesting its potential in vaccine development against M.tb (8). Other representative mycobacterial proteins with diverse functions also modulated immune responses to potentiate the virulence of the pathogen (8–11). Several previous reports investigating relevant antigens of M.tb identified genes within the region of difference (RD) as potential antigens that could be promising for immune diagnosis, vaccine development and for a better understanding of the host-pathogen pathogenesis (12–15).

M.tb successfully invades and hijacks host machinery to dampen the host immune attack and replicates inside host macrophages. The interplay between M.tb and the host defense mechanisms determines the manifestations of infection. Traditionally, adaptive immunity comprising of T and B cells is responsible for protection and long-term memory response against M.tb, but increasing lines of evidence have underscored the significance of innate immunity in the induction of protection and memory response (16, 17). Multifunctional CD4+/CD8+Tcells are known to mediate protective immunity in various disease models, including TB, and induce vaccine-mediated protection (18, 19). However, M.tb being a successful human pathogen can delay the initiation of antigen-specific T cell response via impairment of dendritic cells (DC)maturation. DCs and macrophages act as immunological sensors to alert the immune system. Further, immature DCs are inefficient stimulators of T cells and need maturation that involves secretion of immunoregulatory cytokines, upregulation of co-stimulatory/adhesion molecules and loss of endocytic/phagocytic receptors to initiate the rapid and robust innate immune response. By impeding DC maturation, M.tb dampens CD4+ T cell responses, shaping immune response to its benefit. Therefore, mycobacterial antigens with the desired property of activating polyfunctional CD4+/CD8+T cells and serving as targets for immune system need to be identified and evaluated as possible candidate (s) to enhance the efficacy of BCG in terms of inducing long term memory response (20). In order to look for such immunogenic mycobacterial antigens, we performed a sequence comparison of all the proteins across 13 species of mycobacteria using protein BLAST tool to identify those proteins which are unique to M.tb. Using Nucleotide and Protein BLAST tools, we analyzed and identified one such hypothetical protein, Rv1509, as exclusive (‘signature’) to M.tb and absent in all other mycobacterial species. In this study, we describe the immunological attributes of this signature protein that unravel its candidature as a possible stand-alone subunit candidate vaccine or for creating a modified recombinant BCG.



Materials and Methods


Materials

Recombinant human IL-4, GM-CSF, fluorescent antibodies (Supplementary Table 1) used for DC maturation assay and anti-human/anti-mouse IgG were purchased from Biolegend (San Diego, USA). All antibodies for mice experiments were obtained from BD (BD Biosciences, San Jose CA, USA). ELISA kits for cytokine profiling were purchased from Peprotech (Rehovot, Israel).



Comparative Proteomic Analysis of 13 Mycobacterium Species

BLASTp (http://blast.ncbi.nlm.nih.gov/Blast.cgi) of all 13 mycobacterium species proteome versus all 13 mycobacterium species (Supplementary Table 1) was carried out using sequence identity cut-off of 20% and e-value cut-off of 0.0001. The BLASTp results were used to create a list of protein sequences unique to M.tb. Nucleotide sequences of shortlisted 25 unique proteins were compared using nucleotide blast (BLASTn. http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE) with all in National Centre for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/).



In Silico Structural and Functional Analysis

Different computational tools were used to understand the possible function(s) of shortlisted unique hypothetical proteins. The tools used for analysis include Expasy-Protparam (http://web.expasy.org/cgi-bin/protparam/protparam) for protein sequence analysis, Expasy-Prosite (http://web.expasy.org/cgi-bin/protparam/protparam) and Conserved Domain Database (http://www.ncbi.nlm.nih.gov/cdd) for domain and motif search. Globplot (http://globplot.embl.de/) was used for structural analysis. For secondary structure prediction Jpred (http://www.compbio.dundee.ac.uk/jpred/), MINNOU (http://minnou.cchmc.org/) for membrane protein identification and IEDB (http://tools.immuneepitope.org/bcell/) for B-cell epitope prediction. Antigenpro (http://scratch.proteomics.ics.uci.edu/explanation.html#ANTIGENpro) was used for protein antigenicity.



T Cell and B Cell Epitope Prediction

The complete amino acid sequence of Rv1509 protein was retrieved from the NCBI database. Epitopes for T cell MHC class I and II were identified by the immune epitope database analysis resource (IEDB-AR) (21). MHC molecules should bind to processed antigenic peptide for recognition by T cells. Eight human MHC class I alleles HLA-A*0201, HLA-A*0206, HLA-A*6801, HLA-B*1501, HLA-B*3501, HLA-B*4001, HLA-B*5301 and HLA-B*5801 were selected for peptides to MHC class I epitope. The binding affinity of peptides to MHC class I molecules was predicted in terms of inhibitory concentration (IC50). Based on IC50 values, T-cell epitopes which showed IC50 value <50 classified as high-affinity molecules. Artificial neural network (ANN) method was employed to obtain nine-mer MHC class I epitopes (22–24). For MHC class II, the peptide length was 15-mer, and consensus method was used for epitope prediction with human MHC Class II alleles HLA-DR alleles DRB1*0101, DRB1*0301, DRB1*0401, DRB1*0701, DRB1*0801, DRB1*1101, and DRB1*1501 (25, 26). The consensus method employs stabilization matrix alignment method and the average relative binding matrix strategy to predict the binding of the epitopes. The obtained T cell MHC Class epitopes were subjected to BLASTp to closely related mycobacterial species to exclude cross-reactivity. Linear and conformational B cell epitopes were predicted using the ElliPro suite (27), which implemented Thornton’s method MODELLER (28) and the Jmol viewer (29) program were used to obtain 3D B-cell epitopes. Threshold values for epitope analysis were the score set 0.8 and 6Å maximum distance for residues clustering and selected to obtain the epitopes. Furthermore, the obtained T cell MHC class and B cell peptide epitopes were subjected to BLASTp analysis at NCBI against the proteome of closely related mycobacterial species for identifying any overlapping epitopes to be excluded in order to avoid any existing cross-reactivity.



Molecular Docking of the Epitopes Binding to HLA Alleles

HLA DRB allele crystal structures of human were retrieved from the PDB. The endogenous antigenic peptides were excluded from the crystal structure of HLA-A and HLA-DRB alleles and defined as a receptor. The B cell and T cell epitopes were docked manually into the homologous ligand position from the HLA crystal structures with PDB id 1JF1, 3OXR, 1AQD and 1XR8. The docking was carried out using coordinates replacement into the protein using Pymol and Coot 0.7.2 (30, 31). Peptide epitopes were obtained from the modelled protein structure of Rv1509 and aligned with the peptide of the crystal structure to obtain aligned ligand. The HLA protein structure and aligned ligand were merged using Coot-.7.2 (31). The native protein structure and protein-peptide structure was energy minimized using GROMACS 5.0 (GROningen MAchine for Chemical Simulations) package using the OPLS force field (32) using steepest descent and conjugate gradient method. The protein-peptide interactions were analyzed by LigPlot+ (33).



Structural Modeling Of Rv1509 and Its Interactions With TLR2 Complex

The amino acid sequence of M.tb Rv1509 was retrieved from the UniProtKB database. The retrieved amino acid sequence was subjected to homology modelling using Phyre2 server and 3D structure of the protein was obtained (34). The final model was also checked for its quality using Ramachandran plot by Coot 0.7.2 (31). The molecular interactions were analyzed by ClusPro server and the model obtained after docking was checked for protein-protein interactions using LigPlot+ (33).



Cloning, Expression, and Purification of Signature Protein Rv1509

Rv1509 hypothetical gene was PCR-amplified from M.tb DNA using gene-specific forward and reverse primers 5’TTAAGCTTGTAATGGTGTTTGCGTTGAG3’ and 5’ATCTCGAGTTACCTCTTCGTTAGCCGCAC3’, respectively. PCR amplified product was ligated into the expression vector pET28a using BamHI and HindIII restriction sites. The recombinant protein was expressed in Endotoxin free Clear Coli (BL21-DE3)and purified by Ni-NTA chromatography using N-lauryl-sarcosine denaturant as a solubilizing agent. The purified protein was dialyzed in buffer containing, 1X PBS and 10% glycerol. Protein was concentrated using 3kDa cut off centricons. Purified protein was analyzed using SDS-PAGE followed by western blotting. Protein estimation was carried out using BCA protein estimation kit as per the manufacturer’s instructions (Thermo Scientific, Massachusetts, USA).



Cytokine Estimation From RAW264.7 and TLR Mutant Macrophage Cells

Estimation of cytokines and identification of TLR interaction study was designed and performed based on previously used method from our lab (35). These TLR knockout cell lines were obtained from BEI Resources established by the National Institute of Allergy and Infectious Diseases (NIAID) Maryland, USA. RAW264.7, ΔTLR4 and ΔTLR2/4 mouse macrophages were seeded (0.3×106 cells per well) in 24 well tissue culture plates and incubated for 4 hours at 37° C for adherence. Then cells were treated with different concentrations of protein (1μg/ml, 2μg/ml and 4μg/ml) or lipopolysaccharide (LPS) (50ng/ml; Positive control) (Sigma USA) along with Control (no protein). After 48 hours of treatment, supernatants were collected and cytokines were estimated in culture supernatants. The estimation of pro-inflammatory cytokines such as TNFα, IL-12 and IL-6, and anti-inflammatory cytokine IL-10 was performed using mouse ELISA kit following the manufacturer’s instructions.



Generation of Polyclonal Antibodies to Rv1509

Polyclonal antibodies against purified Rv1509 protein were generated in-house in rabbits by subcutaneous injection of 200μg/ml of purified protein emulsified with an equal volume of Freund’s incomplete adjuvant (Sigma-Aldrich, St. Louis, MO, USA). Two booster immunizations were administered after first dose at 15-day intervals. The antibody titer in the serum was determined by dot-blot technique two weeks post final immunization.



Immunofluorescence Assay to Determine Interaction of Rv1509 With Cognate TLR Receptor

The macrophage cell lines ΔTLR4, ΔTLR2/4 and RAW264.7 cells were seeded (0.2 million cells/well) in 24 well plate on sterile coverslips. After 12 hours of incubation, cells were treated with Rv1509 protein at a concentration of 10μg/ml for 6 hours followed by fixing cells in 4% formaldehyde. The cells were washed three times with PBS+ 0.5% BSA. Further, cells were treated with anti Rv1509 antibody (1:100) raised in rabbit (in-house) overnight at 4°C. The cells were washed and treated with Alexa Fluor™ 594 conjugated anti-rabbit secondary antibody (1:1000). Finally, cells were mounted in Glass Antifade mountant (Thermo Fisher Scientific). Images were acquired (100X) using Olympus fluorescence microscope and processed using a freely available online software (pinetools.com).



Immunization of Mice

Swiss albino mice (3-4 weeks) were immunized with 20 μg/ml of recombinant purified Rv1509 protein without any adjuvant to minimize the adjuvant mediated biasing of immune response towards Th1 or Th2 (36, 37) A booster dose of this protein (20 μg/ml) was administered after 15 days of primary immunization and sacrificed after 10 days of 2nd booster dose.



Human Study Population and Samples

Blood from TB uninfected healthy volunteers with clear chest X-ray and no exposure to TB patient or sample was obtained from All India Institute of Medical Science blood bank for isolation of peripheral blood mononuclear cells (PBMCs). Serum samples from healthy human donors, used as controls for B-cell response, were obtained from ICMR-National Institute of Pathology and All India Institute of Medical Sciences.



TB Patients

Serum samples were obtained from the blood of TB patients recruited at Mahavir Hospital and Research Centre, Hyderabad, India. Different categories of TB patients were selected for analysis which included, pulmonary tuberculosis (PTB), extrapulmonary tuberculosis (EPTB), TB relapse cases and contacts. Tuberculosis in these patients was diagnosed by clinical examination, X-ray and AFB staining. Healthy controls for serum IgG quantification were uninfected. All patients and healthy donors involved in the analysis were HIV negative. Institution Bioethics Committee approved the study.



Generation and Culture of Dendritic Cells

Dendritic cells were generated from PBMCs as described previously (38). Briefly, PBMCs were isolated from buffy coat after differential centrifugation. Monocytes were isolated by density gradient centrifugation and differentiated into immature DCs by culturing them for 7 days in RPMI-1640 containing 10% FCS, GM-CSF (1000 IU/106 cells), 50U/ml penicillin G and 50 mg/ml streptomycin. Immature 7-day-old DCs (0.5×106 cells/ml) were treated with PBS, LPS and recombinant Rv1509 for 48hrs. The purity of DCs was analyzed using CD11c antibody. More than 90% of DCs were found to be pure and mature as determined by FACS analysis.



Flow Cytometric Analysis

Flow cytometric analysis was performed to analyze the expression of surface phenotypic markers like CD80, CD86, MHC-II and DC-SIGN on RAW264.7 macrophages and in vitro generated dendritic cells using fluorescent-tagged antibodies. For single-cell preparation of splenocytes, spleens were removed from sacrificed Swiss albino mice, crushed/perfused and passed through a syringe. Cells were washed, centrifuged and resuspended in DMEM media supplemented with RBC lysis buffer. Finally, cells were resuspended in complete DMEM media. Flow cytometric analysis was performed for CD4+/CD8+ T cell response. Splenocytes (1×106/well) seeded in 96-well plate were re-stimulated with 4μg/ml protein antigen and PBS alone (control cells) for 8 hrs in the presence of monensin (BD) Golgi plug™ and Golgi stop™. T cells were collected, washed with PBS and stained with anti-CD3 (FITC), anti-CD4 (APC-H7) and anti-CD8 (PerCP/Cy5.5) fluorescent antibodies. Cells were then fixed with 4% paraformaldehyde, permeabilized in 0.02% Triton X-100, followed by washing and staining with anti-IFNγ (APC) and anti-TNF-α (PE-Cy7) antibodies suspended in FACS buffer (1X PBS+2% FBS+0.1% Sodium Azide +2mM EDTA) for 1 hr. Stained cells were acquired in FACS Canto II cytometer (BD Biosciences) and analyzed using FlowJo™ software.



Analysis of Memory T Cells

Isolated splenocytes were seeded in 24 well plates and incubated with 20μg/ml of signature protein for 72hrs. Cells were washed, harvested and stained with fluorescent antibodies against memory markers (CD44 and CD62L).



Cytokine Measurement

Levels of various cytokines in supernatants of splenocytes, induced in response to recombinant protein Rv1509 and PBS as control, were measured as described earlier (14).



Evaluation of IgG Immune Reactivity in Immunized Mice

Immunoglobulin G reactivity against the recombinant signature protein Rv1509 using the sera collected from immunized mice was performed using ELISA (39). Briefly, Rv1509 signature protein was coated in 96 well plates overnight. The plate was washed three times with wash buffer and blocked for an hour at room temperature. After 3 washes serum samples in 1:100 dilutions were added and incubated for 2 hrs. The secondary conjugated antibody was added in 1:5000 dilution and incubated for an hour. The plate was washed at least five times, TMB substrate was added, and the reaction was stopped with 2N H2SO4. Plates were read at 450 nm with correction at 570 nm on an Eon microplate reader (Biotek, Vermont, USA) and analyzed with an in-built software (Gen5).



Serological Characterization of Shortlisted Signature Protein Rv1509 Antigen From Tuberculosis Patient Serum

Serological analysis of Rv1509 was evaluated to check IgG immunoreactivity from sera according to the protocol described previously (40).



Statistical Analysis

Data were analyzed using GraphPad Prism5 software. Statistical significance was determined using ANOVA and Mann-Whitney test. p< 0.05 was considered statistically significant, *p< 0.05, **p< 0.01 and ***p< 0.001.




Results


Comparative Analysis of Mycobacterial Genomes Reveals Proteins That Are Unique to M.tb

Comparative proteomic analysis of 13 mycobacterial species (Figure 1 and Supplementary Table 2) revealed 25 protein sequences unique to M.tb which include 9 from the toxin-antitoxin category, 9 hypothetical proteins, 3 as possible prophages, 2 as acid and phagosome regulated proteins and 2 belonging to PE_PGRS family of proteins (Supplementary Table 3). Using nucleotide blast tool (BLASTn), we found that out of 25 selected target nucleotide sequences, 19 have their homologs in BCG. Only 6 were found to be unique to M.tb at both nucleotide and protein sequence level (Supplementary Table 4). Among the 6 unique proteins, 3 belong to prophage category, and one is found to be deleted in some clinical strains. BLAST analysis with all the available protein sequences in NCBI showed that two of these proteins, Rv1507A and Rv1509 were hypothetical and unique to M.tb and were therefore given the name ‘signature proteins’ of M.tb. The immune modulatory role of Rv1507A has been recently published (8). We identified the Grand average of hydropathy and Instability index of Unique Proteins and found that Rv1509 is a hydrophobic protein and belongs to unstable protein category (Figure S1A, S1B). Secondary structure prediction (Figures S1C, D) showed a number of alpha-helix and beta sheets. Analysis of subcellular localization of a protein is critical to understand its function. To predict the subcellular location of Rv1509, we used different web-based prediction tools (summarized in Table 1). To validate the predictions, we performed a western blot to determine the location of Rv1509 protein using different M. tb H37Rv extracts (total membrane, cell wall, cytosol, culture filtrate and total cell lysate). We found that signature protein Rv1509 is predominately found in the total membrane fraction of M.tb lysate and partially localized in the cytosol too. (Figure S1E).




Figure 1 | A schematic workflow showing identification of signature proteins of Mycobacterium tuberculosis (M.tb) based on computational analysis by comparing 13 mycobacterial species including strict pathogens, opportunistic pathogens and non-pathogenic mycobacteria. Human genome was taken as a control. A total of about 62,303 genes were analyzed. The M. tb genes with overlapping/similar protein domains to other species were omitted for further analysis. The rest of genes were then checked for protein sequence similarity analysis using protein BLAST (BLASTp). All the genes with protein sequence identity less than 20% were further analyzed for nucleotide sequence similarity. Nucleotide sequence similarity was analyzed using BLASTn and genes with less than 35% of nucleotide similarity were considered as potential signature candidates. Finally, out of the potential candidates Rv1509 emerged as a ‘signature’ of M.tb.




Table 1 | Prediction of subcellular localization by in silico analysis of Rv1509 protein.





Prediction of Putative B Cell and T Cell Epitopes, and Molecular Docking of Rv1509 Peptides With MHC Molecules

Membrane proteins play vital role in the interactions between pathogen and the host. Hence, we were interested to understand the role of this unique protein in host-pathogen interactions. We analyzed T cell and B cell epitopes present in Rv1509 using IEDB web-based tools (Figure 2A). We found a total of 18 epitopes for B cell binding and 10 T cell binding epitopes (Supplementary Tables 5–7). The prediction showed 13 linear and 6 conformational B cell epitopes in Rv1509 (Supplementary Tables 7, 8). The 6 conformational B cell epitopes and their interactions with Rv1509 protein are shown (Figure S2). We found 6 MHC Class II binding epitopes and 4 MHC Class I binding epitopes based on the binding affinity of these molecules. It was observed that the segment of amino-acids of two epitopes YVPATLQP and VFPY were shared among B cell receptor and T cell MHC Class I epitopes (sequence highlighted). Further, AAIRSAVKL was found to be common between MHC Class I and MHC Class II epitopes (Supplementary Tables 7, 8 and Figure 2). In order to improve the accuracy of prediction of epitopes, we performed molecular docking analysis of predicted epitopes with their predicted MHC molecules (Figure 2B). Molecular docking studies of AAIRSAVKL and AGYVPATLQP epitopes showed good binding interactions with HLA-A*0201, HLA-A*0206 and HLA-B*1501 and HLA-DRB1 of MHC Class I and II alleles of human (Figure 2).The predicted epitopes showed hydrogen bond and hydrophobic interactions with the HLA alleles




Figure 2 | (A) Predicted B cell epitopes of Rv1509 protein (yellow color). B cell epitopes present in Rv1509 were predicted using IEDB web-based tools. Protein sequence corresponding to Rv1509 as obtained from Mycobrowser was analyzed by Bepipred Linear Epitope Prediction 2.0. The Y-axes depicts for each residue the correspondent score while the X-axes depicts the residue positions in the sequence. The larger score for the residues is interpreted as a higher probability to be part of epitope (yellow color on the graphs). (B) Interaction study of Rv1509 epitopes with MHC I and MHC II (Cyan blue-Hydrogen bonding). (1A) HLA*A0201 allele interactions with AAIRSAVKL (T cell MHCI & II) epitope. (1B) HLA*A0201 allele interactions with AGYVPATLQP (B cell and MHCI) epitope. (2A) HLA*B1501 allele interactions with AAIRSAVKL (T cell and MHCI & II) epitope. (2B) HLA*B1501 allele interactions with AGYVPATLQP (B cell and MHCI) epitope. (3A) HLA*A0206 allele interactions with AAIRSAVKL (T cell and MHCI & II) epitope. (3B) HLA*A0206 allele interactions with AAIRSAVKL (B cell and MHCI) epitope. (4) HLA*DR1 allele interactions with AAIRSAVKL (MHCI and MHCII) epitope.





Macrophages and Dendritic Cells Exhibit Enhanced Activation Upon Treatment With Rv1509 Protein

We treated RAW macrophages with different concentrations of purified Rv1509 protein. MTT assay was performed after 24 hours of treatment to check the toxicity of this protein and we found that this protein is not toxic up to 4µg/ml (Figure S3C). Since our in silico studies indicated Rv1509 protein to be an antigenic membrane protein, we first determined whether Rv1509 protein could induce macrophage activation. Macrophage activation is very important for the innate and adaptive immune system to clear the pathogen and activate further downstream pathways. Therefore, to investigate the macrophage activation markers, we treated RAW cells with Rv1509 protein at concentrations of 1µg/ml, 2µg/ml and 4µg/ml for 48 hours. Cells were harvested and stained with macrophage surface markers such as CD80, MHC I and MHC II using specific FACS antibodies. The analyzed FACS plots reveal that Rv1509 protein significantly induces expression of activation markers on macrophages as compared to the control (Figures 3A–C). Calculating the percentage of CD80, MHC I and MHC II positive cells (Figures 3D–F) after analysis of FACS data revealed significantly increased expression in Rv1509 treated cells compared to control cells (The data are expressed as mean ± SD) (*p< 0.05, **p< 0.01 and ***p< 0.001). Nevertheless, with increasing protein concentrations, there was no significant difference in the population of activated macrophages [Data shown for the representative concentration of 2 µg/ml (Figures 3A–F)].




Figure 3 | Signature protein Rv1509 induces maturation of dendritic cells and activates macrophages (A–C) Macrophages were treated with different concentrations of Rv1509 protein (1, 2 and 4µg/ml) followed by staining with CD80, MHC I and MHC IIafter 48 hrs of treatment. Cells were analyzed by flow cytometry and representative FACS plots depict expression of CD80, MHC I and MHC II activation markers upon treatment with Rv1509 protein in comparison to control (no protein). (D–F) The Graphs represent the average of percentage of CD80, MHC I and MHC II stained cells in Rv1509 treated and control macrophage cells. Seven day old immature DCs (0.5×106cells) were cultured with GM-CSF and IL-4 alone (control), GM-CSF, IL4 and different concentrations (1, 2 and 4µg/ml) of Rv1509 protein, PBS and LPS (positive control) for 48 hrs and analyzed for expression of surface markers. (G) Maturation marker CD80 expression is increased in Rv1509 treated cells. (H) Expression of HLA-DR is increased in Rv1509 treated cells. (I) DC-SIGN expression after treatment with Rv1509 protein. Note the decreased expression of DC-SIGN in Rv1509 treated cells. Representative data are from three individual experiments with samples being treated and analyzed in triplicates at each time point. [The data are expressed as mean ± standard deviation (SD)] *p < 0.05, **p < 0.01 and ***p < 0.001.



Further, human monocytes were purified from PBMCs and differentiated into DCs using GM-CSF and IL-4 (Figure S3A, B). The effect of Rv1509 on DC maturation was then analyzed by treating immature DC culture with different concentrations of Rv1509, or LPS treatment as a positive control, and PBS as a negative control. After 48hrs of protein treatment, the expression levels of different maturation markers such as CD80 and MHC-II were analyzed using flow cytometry. DC-SIGN, a major mycobacterial receptor on human DCs, was also analyzed for its expression in the presence and absence of Rv1509. Significant upregulation of CD80 and MHC-surface markers in cells treated with the purified Rv1509 protein was observed (Figures 3G, H). However, DC-SIGN expression was found to be down-regulated in Rv1509 treated cells as a direct function of protein concentration (Figure 3I). No such pattern could be seen in buffer treated and untreated cells (The data are expressed as mean ± SD) (*p< 0.05 and **p< 0.01). These results suggest that the signature protein enhances the levels of functional DCs by inducing maturation markers and downregulates the expression of DC-SIGN, an important receptor for the entry of M.tb (41).



Rv1509 Protein Induces Production of Proinflammatory Cytokines Through TLR 2 Mediated Pathway

TNF-α, IL-6 and IL-12 are proinflammatory cytokines that play an important role in activation of macrophages and regulate cell death pathways. We further wanted to delineate the function(s) of Rv1509 in modulating innate immune response in terms of secretion of cytokines. We treated RAW macrophages with Rv1509 protein at concentrations of 1µg/ml, 2µg/ml and 4µg/ml and the supernatants were collected 24 hours and 48 hours post treatment. The levels of secreted cytokines were measured in the supernatants using ELISA. Results revealed that Rv1509 protein induced secretion of proinflammatory cytokines like TNFα, IL-6 and IL-12 (Figures 4A–C). Rv1509 also induced production of IL-10, in a concentration dependent manner, into the cell culture supernatant as compared to the untreated control cells. (The data are expressed as mean ± SD) (*p< 0.05, **p< 0.01 and ***p< 0.001, Figure 4D). Molecular docking of Rv1509 protein with TLR2 receptor showed that the Rv1509 potentially interacts with ligand-binding pocket of TLR2 dimer. The model which scored top from ClusPro docking of (TLR2)2-(Rv1509)2 heterotetramer was used for the analysis. It was observed that TLR2 interacted with the α-helices and loops of Rv1509 protein (Figure S4A). Next, we investigated whether Rv1509 mediates its function via TLR2 pathway as suggested by in silico analysis. Immunofluorescent studies to check the interactions of this protein with its respective TLR revealed that Rv1509 protein binds to TLR2 and mediates the immune modulation (Figure 4E).This basic experiment clearly demonstrated that Rv1509 possibly interacts with TLR2 as there was no fluorescent signal when TLR2 knockout cells were used. These results were further validated by estimating the cytokine production in ΔTLR4, ΔTLR 2/4 and RAW cells. The abrogation of cytokine production in ΔTLR2/4 demonstrates that Rv1509 protein mediates immunomodulation through TLR2 in macrophages (Figures S4B–D).




Figure 4 | Cytokine secretion by RAW264.7 cells upon treatment with Rv1509 protein. (A–C) RAW 264.7 cells were seeded (0.3×106cells/well) in a 24 well plate. After 12 hours of incubation cells were treated with Rv1509 protein in a dose dependent manner(1μg, 2μg and 4μg/ml) along with positive control (LPS) and negative control (no protein). The supernatants were collected 48 hrs post treatment and cytokines were estimated. The quantified data are presented as bar graphs. IL-6, IL-12 and TNFα (pro inflammatory cytokines) depicted increase in production against Rv1509 protein in a dose dependent manner compared to the control (no protein) and LPS (positive control). (D) The bar graph represents the secretion of anti-inflammatory cytokine IL-10 by RAW 264.7 cells upon treatment with Rv1509 protein. Representative data is from three individual experiments with minimum triplicates in each. (The data are expressed as mean ± SD). ***p < 0.001. (E) Immunofluorescent images of ΔTLR4, ΔTLR2/4 and RAW264.7 cells treated with Rv1509 protein (10µg/ml) and its localization in these macrophages. The cells were fixed after 6hrs of protein treatment followed by staining with anti Rv1509 antibody (prepared in-house). AlexaFluor 594 (Anti rabbit IgG) used as a detection antibody. Images were acquired using Fluorescent microscope (Olympus) at 100X (Oil immersion) magnification. ns, non-significance.





Immunization of Mice With Signature Protein Rv1509 Induces Polyfunctional T Cell Subsets and Generates an Effector Memory Response

Based on our predictions using immunoinformatic approaches and cell line-based results, we further evaluated the nature of immune responses and characterized the phenotype of immune cells induced by immunization with recombinant Rv1509 protein. Multiparameter flow cytometry was performed with splenocytes isolated from immunized mice. The percentage of multifunctional T cells that produced IFNγ and TNFα was measured. In response to in vitro protein stimulation, increased numbers of double-positive (IFNγ and TNFα) CD4+T cells (Figures 5A–C), as well as CD8+ T cells, were observed in the cultured splenocytes isolated from the immunized mice. Much higher CD8+ polyfunctional T cells were induced as compared to CD4+ T cell subset (Figures 5D–F). These observations demonstrate that this protein induced an increase in the number of antigen-specific multifunctional CD4+ and CD8+T cells in mice, implicating its role in evoking protective immune response against M.tb.




Figure 5 | Recombinant Rv1509 protein increases number of poly-functional IFNγ and TNFα secreting CD4+ and CD8+ T cells. Splenocytes from immunized and control mice were re-stimulated with polymyxin treated recombinant Rv1509 protein in culture in the presence of Golgi plug/Golgi stop solution for 8 hours. Cells were washed, harvested and labelled for CD4+/CD8+ surface marker and intracellular IFNγ and TNFα. FACS analysis was performed by selecting splenocyte population followed by gating for CD3 initially. Selected population was then double gated to reveal CD4+ and CD8+ population. The CD4+ and CD8+ populations were then individually gated for IFNγand TNFα. The Dot plots represent the percentage population of polyfunctional T cells (IFNγ+TNFα positive cells) from a single experiment, representative of total of two experiments. (A, B) Representative FACS plot of control and Rv1509 protein treated cells. (C) Rv1509 treatment increases the number of CD4+ cells double positive for IFNγ and TNFα. (D–F) FACS plots and graph represent the CD8+ T cells in control and Rv1509 immunized animals after in vitro stimulation with protein. Rv1509 protein treatment results in an increase in number of CD8+ T cells double positive for IFNγ and TNFα. $Representative data are from five samples in each group. (The data are expressed as mean ± SD). **p < 0.01.



Next, we investigated the effect of Rv1509 on stimulating memory cell response of each T cell subset (CD4+ and CD8+) (Figures S5A–E). We assessed the surface phenotypic T cell memory markers, CD44 and CD62L, in immunized mice using flow cytometry. For CD4+ T cells, the effector memory T cell (TEM) population was significantly increased in immunized mice as compared to controls (Figures 6A–C). Interestingly, CD8+T cell population also showed a significantly increased TEM population compared to the control cells (Figures 6D–F). Taken together, these findings suggest a novel role for this signature protein Rv1509 in the activation of adaptive immunity along with generation of memory response that support its possible utility as a subunit vaccine candidate (The data are expressed as mean ± SD, **p< 0.01).




Figure 6 | Rv1509 protein enhances effector memory cells in immunized mice. Mice (n = 5) were immunized with recombinant Rv1509 protein. Splenocytes from immunized mice were stimulated in vitro with rRv1509 overnight and stained with antibodies against CD3, CD4, CD8 CD44 and CD62L.Lymphocyte cells were selected and gated for CD3 population followed by CD4 and CD8 selection by double gating strategy. From CD4 and CD8 population gating was performed to identify cells expressing CD44 and CD62L. Both CD4+ and CD8+ effector memory cells (CD44highCD62Llow) were increased after immunization with Rv1509 antigen. Note the enhanced number of CD4+ (A–C) and CD8+ (D–F) effector memory cells in mice immunized with Rv1509 protein antigen compared to control. Representative data are from five samples in each group from a single experiment representative of two experiments. (The data are expressed as mean ± SD).*p < 0.05 and **p < 0.01.





Rv1509 Protein Activates Cell Mediated as Well as Humoral Immunity

Immunized mice were sacrificed, and splenocytes were isolated and cultured with different concentrations of recombinant purified Rv1509 protein. The supernatant was collected after 72hrs of incubation and assayed for different pro-inflammatory (IFNγ, IL1β and IL-6) and anti-inflammatory cytokine (IL-10) levels by ELISA. We observed a significant increase in the levels of pro-inflammatory cytokines - IFNγ (Figure 7A), IL1β (Figure 7B) and IL-6 (Figure 7C). These results indicate that Rv1509 induces Th1 response, a hallmark in controlling mycobacterial infection.




Figure 7 | Rv1509 enhances secretion of Th1 cytokines in re-stimulated splenocytes and elicits strong B cell response in human TB patients. (A) Splenocytes were re-stimulated with Rv1509 in culture for 72 hrs. Supernatant from the culture was collected for sandwich ELISA. Significant increase in the level of IFNγ as a direct function of protein concentration could be seen along with IL1β (B) and IL-6 (C). (D) B-cell response against Rv1509 shows a significant response in immunized mice. Serum from immunized and control animals was added to ELISA plate coated with 10 µg/ml of recombinant Rv1509. After incubation, plates were washed and bound total IgG was detected by enzyme labelled secondary anti-mouse IgG. O.D (Optical Density) is plotted as dot plots with each dot representing an animal. The data presented are from five animals in each group from a representative experiment. The increase in OD is statistically significant in case of immunized animals as compared to controls (p < 0.001). (E) Immunoreactivity of sera from different categories of TB patients with Rv1509 protein was studied using ELISA. Statistically significant immunoglobin IgG response was elicited by Rv1509 against control (n = 20), PTB (n = 40), EPTB (n=40), contacts (n = 40) and relapse (n = 40) cases of tuberculosis. *p < 0.05, **p < 0.01 and ***p < 0.001. ns, non-significance. (The data are expressed as mean ± SD).



In silico analysis pointed to the presence of B cell epitopes in Rv1509 protein we therefore assessed the immunoglobulin G response (IgG) to Rv1509 protein. Serum IgG levels to M.tb specific antigens can have a value as serodiagnostic markers in the diagnosis of active pulmonary tuberculosis. Mice were immunized with purified Rv1509 protein, and serum IgG levels were estimated using ELISA. A significant increase in total IgG titers was seen in mice immunized with Rv1509 as compared to the controls (Figure 7D). This observation when viewed in the context of the fact that the signature protein is absent in other species of mycobacteria, especially BCG that is used as a vaccine, points to its potential to act as an immunodiagnostic biomarker for tuberculosis. For further validation, the IgG titers corresponding to Rv1509 protein were evaluated using human TB patient sera by ELISA. The humoral immune responses directed against the purified Rv1509 protein in pulmonary tuberculosis patients(n=40), pulmonary relapse cases(n=40), extra pulmonary tuberculosis patients (n=40) and healthy controls(n=20) were compared. Results revealed that the sera of infected TB patients and their contacts mounted significantly higher antibody responses against Rv1509 signature protein than those of healthy controls (Figure 7E) (P<0.0058 for PTB and P<0.0001 for relapse PTB cases). These results point to the likely utility of signature protein Rv1509 as a pre-screening biomarker in tuberculosis.




Discussion

About 25% of M.tb coding genes are still classified as “hypothetical” or “uncharacterized”, making it imperative to dissect the functions of these hypothetical proteins, which could improve our understanding of M.tb virulence and pathogenesis. In this study, the ‘Signature protein’ was identified by comparing protein sequences of 13 different mycobacterium species using BLAST tool. Interestingly, we found that Rv1509 signature protein is a unique protein exclusively present in M.tb and absent in other mycobacterial species, even BCG. In silico analysis revealed that Rv1509 protein is highly antigenic and displays T cell and B cell epitopes. Rv1509 protein was found to have high affinity T cell epitopes. The antigen presentation to T cells via MHC class molecules plays an important role in inducing an effective immune response against bacteria (42). Molecular docking results confirmed that the predicted T cell epitopes of Rv1509 interact with HLA*A alleles of MHC Class I and Class II molecules. Further, B-cell response is a crucial part of the adaptive immune system and provides a significant contribution towards protection against M.tb. B cells have been shown to modulate the immune response against M.tb by shaping T cell-mediated immunity (43). Using immunoinformatic tools, we predicted linear and conformational B cell epitopes in Rv1509. We found a total of 18 B cell epitopes in Rv1509. The presence of high affinity T cell and B cell epitopes suggested its probable role in modulation of adaptive immune responses.

Macrophages and DCs constitute the first line of defense against M.tb infection. Macrophages serve as an important niche for the growth and survival of mycobacterial species. Antigen presenting cells (APCs) upon activation initiate a series of cascade of events leading to immunomodulation in terms of inducing innate and acquired host immune response. Interestingly, we found that treatment of macrophages with Rv1509 increases expression of activation markers such as co-stimulatory marker CD80, MHC-I and MHC-II, indicating a role of Rv1509 in inducing innate immune response. Then, we tested the levels of cytokines produced by activated macrophages. We found that macrophages treated with Rv1509 showed an increase in the secretion of inflammatory cytokines like TNFα, IL-6 and IL-12 compared to untreated cells. DC’s are potent APCs that can activate naïve T cells to initiate an immune response against pathogens, including M.tb. One of the mechanisms by which M. tb successfully subverts host immune attack is by interfering with the functions of DCs (44, 45). M.tb impairs DC maturation, thereby delaying T cell response. Therefore, we investigated the effect of Rv1509 protein on DC maturation. Interestingly, Rv1509 treated DCs displayed significant up-regulation of activation markers such as CD80 and MHCII, denoting mature phenotype that could effectively stimulate T cells. DC-SIGN, an important M tb receptor present on DCs is vital for M.tb and DC interactions, leading to successful invasion and infection by M.tb inside the host cells (41, 45). Intriguingly, Rv1509 protein downregulated the expression levels of DC-SIGN marker, suggesting Rv1509 to be favoring host defense mechanisms against M.tb infection. Besides, DC-SIGN downregulation is also a marker for DC maturation as mature DCs are known to have low phagocytic ability as compared to immature DC’s. These observations strongly argue for a possible role of Rv1509 as a vaccine candidate against TB. Cellular immune responses controlled by CD4+/CD8+T cells form the central element of the adaptive immunity against M.tb. CD4+T cells are important during the acute phase of infection, whereas CD8+T cells play a crucial role in the clearance of infection during the chronic phase. The optimal cross-talks between APCs such as DCs and T cells play a significant role in controlling M.tb infection. Our results displaying Rv1509 promoting macrophage activation and DC maturation, suggested effective activation of innate immune response that positively modulates the adaptive immune system. Thus, we analyzed the impact of Rv1509 protein on the production and expansion of polyfunctional IFN γ and TNFα secreting CD4+and CD8+T cells. The polyfunctional CD4+T cells is an important immune correlate of protection against TB (46). The percentage of polyfunctional CD4+ and CD8+T cells in mice immunized with Rv1509 displayed a significant increase as compared to mice injected with the PBS buffer only. These findings indicate the possible role of Rv1509 in inducing host protective immune response, having implications in vaccine development against M.tb. However, induction of polyfunctional CD4+T cells does not necessitate protection against M.tb, as other attributes such as memory response and differentiation of T cells may be equally important in conferring protection against TB (46). Though FACS plots marginally suggest reduction in TNFα single positive cells but it will be too premature to comment on that as we observed significant increase in secretory TNF-α in culture supernatants after protein treatment (Figure 4C). One of the contributing factors towards the reduction in TNF-α single positive cells could be concomitant increase in polyfunctional cells (TNF-α+ IFN-γ+) upon treatment with Rv1509. The supplementary reasons are open to exploration and will be probed further in subsequent follow-up studies.

T cells can mediate their immune response through different subsets, including Th1, Th2, Th17, Treg and TFH cells. Among these subsets, Th1 type of immune response is primarily responsible for protective immunity against M.tb. Th1 cells are involved in containment and control of M.tb replication and involve the production of pro-inflammatory cytokines, mainly IL-2, IFNγ and TNFα (47). Splenocytes stimulated with Rv1509 protein showed an enhanced secretion of pro-inflammatory Th1 cytokines including IFNγ, IL1β and IL-6. Therefore, mycobacterial antigens capable of boosting Th1 immune response have the potential to be considered as vaccine candidates, although, Th1 based cytokine production does not confer complete protection against TB in humans (47). Moreover, a substantial effector memory response in splenocytes stimulated with Rv1509 also indicated that Rv1509 might act as a recall antigen in a Th1 memory response to counter recurrent infection. Even though the memory phenotype was evaluated at short term, these results were encouraging considering the inefficacy of BCG to evoke the memory response as one of the reasons of its impotency.

In recent years, B cells have emerged as critical players in mediating protection against tuberculosis. B cell executes different immunological functions, including antibody response, cytokine production, as well as antigen presentation (48). In line with our previous in silico findings, we were curious to determine Rv1509-mediated B cell response in terms of measuring IgG reactivity. Sera from immunized mice showed an increase in IgG levels compared to the controls. To get further hints in human subjects, we assessed the sera of TB patients for antibodies (IgG) against Rv1509. We found a non-overlapping significant IgG immunoreactivity in human TB patients compared to healthy controls, pointing to the fact that response to Rv1509 is specific, confirming our observation that this protein is exclusively present in M.tb. Despite the major impetus on cell mediated immunity for control against TB, recent observations have revealed critical role of B cells in TB control. B cells effectively modulate and shape the T cell mediated immune response via antigen presentation or cytokine release. Intriguingly B cells also help in development of T cell memory and protection against a secondary challenge. These observations highlight a new arena wherein vaccines that target both cell mediated and humoral response are more effective.

The dilemma was to decipher how this signature protein could perform so many functions. There have been a few studies which have attempted to understand the mechanisms by which a protein can perform multiple functions. Rv1509 may undergo different folding/refolding pathway in response to changes in the environment, leading to conformational changes and different functions (49, 50). Another possible way is that Rv1509 undergoes post-translational modifications leading to its moonlighting functions. Also, the intrinsically disordered regions of Rv1509 may play a pivotal role in performing important roles in protein function. It has been previously shown that intrinsically disordered regions in proteins may undergo a conformational change to facilitate different functions of a protein, including immune modulation (51). Besides, the cysteine residues present in Rv1509 can also contribute to modulating protein functions by changing their redox state, which involves changes in intracellular/intercellular disulphide bond (52).

Taken together, we describe the properties of a hypothetical protein, Rv1509, present exclusively in M.tb and absent in all other mycobacterial species including BCG. The host targets this protein by exploiting it to mount a strong pro-host immune response including an effector memory response as evident from a series of experiments involving in vitro studies, mice studies and sera of TB patients. These findings highlight the host-pathogen tussle for their individual existence, and the outcome is dependent on a likely complex set of interactions with other microbial/host factors. Our findings point towards Rv1509 protein as a probable vaccine candidate as it showed promising immunomodulatory functions. Further studies in M.tb would shed more insights into understanding the function(s) of Rv1509 in virulence and pathogenesis.
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Supplementary Figure 1 | Computational analysis of 25 unique proteins. (A) Grand average of hydropathy. (B) Instability index of Unique Proteins. Red color signifies stable proteins whereas Blue color signifies unstable proteins. The hypothetical protein Rv1509 is in unstable category. (C) Secondary structure prediction showing number of alpha-helix and beta sheets. (D) Analysis of globular domains using GlobPlot prediction tool. (E) Western blot showing the expression of Rv1509 in different M.tb fractions (10µg/lane).Majority of the Rv1509 protein is detected in total membrane fraction and some amount is present in the cytosol fraction of M.tb. (F) The SDS PAGE image of expression of Rv1509 protein in Clear Coli cells after purification by Column Chromatography.

Supplementary Figure 2 | Conformational B cell epitopes. The epitope is shown in ball model and receptor is represented in sticks in cyan blue color. (A) Peptide 1, 33-38_LRSLFD. (B) Peptide 2, 1-9_VFALSNNLN. (C) Peptide 3, 275-284_AGYVPATLQP. (D) Peptide 4, 56-61_ARLPVG. (E) Peptide 5, 169-172_VFPY. (F) Peptide 6, 196-202_EGNTGMD.

Supplementary Figure 3 | Purity of monocyte derived dendritic cells. Monocytes were isolated from PBMCs after density gradient centrifugation and seeded in 24 well plates. The cells were treated with GM-CSF and IL4 to mature them to Dendritic Cells. Further cells were collected and stained with CD11c antibody to check the purity of the DCs followed by FACS analysis. (A) The plot shows the purity of monocyte derived dendritic cells. (B) Monocytes treated with GM-CSF and IL4. The red color in panel A symbolizes population negative for CD11c marker. The green color in panel B symbolizes population positive for CD11c marker. (C) RAW 264.7 macrophages were seeded in 96 well (50×103 cells/well) followed by treatment with different concentration of Rv1509 protein (1, 2, 4 and 8μg/ml). MTT was added (10X) to the cells along with media and incubated for 3 hours in dark followed by addition of 200μl DMSO. The absorbance was taken and percentage of cell death was calculated against untreated cells. The bar graphs represent the cytotoxicity of Rv1509 protein at different concentrations in RAW cells using MTT assay after 48 hrs treatment. Data represents samples plated in triplicates from a representative experiment performed at least three times.

Supplementary Figure 4 | (A) The molecular interactions analysis of TLR4 and Rv1509 shows that the protein interacts with several amino acid residues of the binding pocket of TLR2 as shown in the figure. (B–D) Secretion of pro inflammatory cytokines IL-6, IL-12 and TNFα upon stimulation with Rv1509 protein. Macrophages (RAW264.7, TLR4 knockout and TLR2/4 double knockout)were treated with Rv1509 protein at different concentrations (1, 2 and 4μg/ml) for 48 hrs. Supernatants were collected and ELISA was performed for determination of IL-6, IL-12 and TNFα levels using BD ELISA kits. No cytokine release is observed from the cells that were genetic mutants for TLR2.

Supplementary Figure 5 | Gating strategy for FACS analysis. (A) From the whole cell population lymphocytes were separated based on their size and where these cells were embedded. (B) From the Lymphocyte population CD3 cells were selected based on the fluorophore against side scattered area. (C) CD4+ and CD8+ cell populations were separated through gating from the total CD3 population and further gating was done for the CD44 and CD62L from individual CD4+ and CD8+ cells. Figures S5A–C represent gating strategy for CD44 and CD62L. (D) For polyfunctional T cell gating we selected whole lymphocyte population from the total cells used for FACS analysis. (E) This figure represents the gating of CD4+ and CD8+ cells. From total lymphocyte population CD4+ and CD8+ cells were gated on their respective panels.
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Mycobacterial diseases are a major public health challenge. Their causative agents include, in order of impact, members of the Mycobacterium tuberculosis complex (causing tuberculosis), Mycobacterium leprae (causing leprosy), and non-tuberculous mycobacterial pathogens including Mycobacterium ulcerans. Macrophages are mycobacterial targets and they play an essential role in the host immune response to mycobacteria. This review aims to provide a comprehensive understanding of the immune-metabolic adaptations of the macrophage to mycobacterial infections. This metabolic rewiring involves changes in glycolysis and oxidative metabolism, as well as in the use of fatty acids and that of metals such as iron, zinc and copper. The macrophage metabolic adaptations result in changes in intracellular metabolites, which can post-translationally modify proteins including histones, with potential for shaping the epigenetic landscape. This review will also cover how critical tuberculosis co-morbidities such as smoking, diabetes and HIV infection shape host metabolic responses and impact disease outcome. Finally, we will explore how the immune-metabolic knowledge gained in the last decades can be harnessed towards the design of novel diagnostic and therapeutic tools, as well as vaccines.
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Introduction

Mycobacteria have been a major cause of human disease for millennia, with the effects of Mycobacterium tuberculosis (M.tb) seen in the skeletons of mummified human remains from over 4000 years ago (1). The main mycobacteria of public health importance today are members of the mycobacterium tuberculosis complex (which includes M.tb, M.bovis, M.africanum, M.microti, M.pinnepedi, M.caprae), which cause tuberculosis (TB), Mycobacterium leprae (M.leprae) the cause of leprosy, and nontuberculous mycobacteria (NTM) leading to a wide variety of clinical presentations. NTM include Mycobacterium ulcerans (M.ulcerans), the cause of Buruli ulcer (BU).

Around 2 billion people worldwide are infected with M.tb. Approximately 10 million people fall ill with TB each year and there are around 1.5 million deaths (2). Great progress has been made with TB control over the past decade, but these gains have been undermined to some extent by the ongoing Covid-19 pandemic, especially in less well-resourced settings (3). Current treatment for drug sensitive TB is a minimum of 6 months and considerably longer for drug resistant disease. Shorter more effective treatments are needed, and host-directed therapies (HDT) arise as a promising strategy.

Leprosy caused by chronic infection with M.leprae is predominantly a disease of the skin and peripheral nerves. It is curable with a prolonged course of antibiotics. The incidence of leprosy has declined over the past century, but the rate of decline is currently sluggish. A large proportion of endemic countries (118/161) reported new cases in 2019 (202,256 or 26 per million population) (4). Although antibiotics can still cure the disease, permanent changes to nerves can occur leading to lifelong disabilities. There is still a great amount of stigma around the diagnosis of leprosy which can delay detection and effective treatment. Also, weak health systems can make early detection and treatment difficult. Current therapies although effective are prolonged and commonly associated with adverse effects (5).

Both TB and leprosy present a spectrum of clinical manifestations. TB can be described as a dynamic continuum from asymptomatic M.tb infection to active infectious disease, including latent infection as well as incipient, subclinical and active TB disease (6, 7). Leprosy also comprises ample clinical variability. The two extremes of the spectrum are tuberculoid and lepromatous forms of the disease, the first being paucibacillary and mild, while the latter is multibacillary and presents increased disease severity (8, 9).

There are over 200 species of NTM identified to date (10), of which the vast majority (over 95%) have not been associated with human disease. NTM are predominantly environmental organisms of low pathogenicity to humans that only cause disease in specific circumstances. An exception is M.ulcerans, which causes chronic skin ulcers in immunocompetent individuals, through production of a diffusible cytotoxin called mycolactone (11). BU is, after TB and leprosy, the third most common mycobacterial disease worldwide and together with leprosy one of the 20 Neglected Tropical Diseases prioritized by the WHO (12). West African countries are the worst impacted by BU, with prevalence rates reaching 26.9 cases per 10,000 in Benin. Other NTMs primarily affect immunocompromised people. Recently, NTM infections have been associated with health care procedures with infections due to M.chimerae occurring after cardiac surgery (13) and infections with rapid growing NTM’s such as M.abscessus being associated with cosmetic surgery procedures (14). M.abscessus is also associated with progressive lung infection in patients with cystic fibrosis (15). Treatment of NTM infections is complex requiring multiple prolonged antibiotics which may not be effective or well tolerated. Overall, novel treatments for mycobacterial diseases are needed. HTDs are a promising approach but we need a greater understanding of how the host responds to infection.



Macrophages as Targets of Mycobacterial Infection

Macrophages not only play an essential role in the host immune response to mycobacteria, but they also are mycobacterial targets. They fulfil a variety of essential functions in homeostasis and disease, including phagocytosis, uptake and killing of pathogens, tissue repair and inflammation resolution (16, 17). Mirroring their wide range of functions, macrophages constitute a highly diverse and heterogeneous population (18, 19). Traditionally, they have been classified into M1, i.e. classically-activated (LPS + IFNγ) and pro-inflammatory, and M2, i.e. alternatively-activated (IL-4) and anti-inflammatory. While the oversimplified M1/M2 dichotomy has been a useful tool when studying macrophage diversity, most macrophages exist as a spectrum and contain features of both (20, 21). Additionally, it is increasingly recognised that specific environmental cues can promote certain macrophage phenotypes and functions, demonstrating their plasticity. Metabolically, M1-like macrophages are predominantly glycolytic and present a broken TCA cycle (22). Their pentose phosphate pathway as well as fatty acid synthesis are highly active, ensuring availability of biosynthetic precursors. In contrast, M2-like macrophages mainly rely on oxidative metabolism, present an intact TCA cycle and fatty acid oxidation is upregulated. This review will explore macrophage metabolic diversity and flexibility and how these metabolic changes can drive specific phenotypes and functions, focusing on their relevance in the context of mycobacterial pathogenesis.

M.tb infection occurs when aerosols containing the bacilli are inhaled by a susceptible host. When M.tb reaches the lung, alveolar macrophages (AM), the first cellular target (23), are infected. Infected AMs can migrate to the lung interstitium, facilitating infection of other cell types, including newly-recruited monocyte-derived macrophages and neutrophils. Although abundant evidence points towards M.leprae being transmitted through the respiratory route (24, 25), the precise mechanisms for M.leprae spread remain to be fully elucidated (26). M.leprae primary cell targets are macrophages and Schwann cells, the latter contributing to build the myelin sheath that covers nerve fibres. Following introduction into the skin, M. ulcerans bacilli are phagocytosed by macrophages and multiply intracellularly until bacterial production of mycolactone causes host cell apoptosis (11, 27). Therefore, macrophages are a clear target for mycobacterial pathogens which have evolved successful strategies to survive and replicate within them (28), including metabolic manipulation.

In the context of mycobacterial disease, macrophages play an essential role in driving innate and adaptive immune responses and inflammation, while mediating both tissue destruction and repair (29). Two major macrophage populations cohabit in the lung: AMs and interstitial macrophages (IMs). They are distinct at the ontogenic, phenotypic, metabolic and functional levels (30). AMs display an M2-like phenotype (31) with predominant oxidative metabolism (30, 32), similar to IL-4 treated hMDM (33). In contrast, IMs are mainly derived from recruited monocytes (34, 35), and this has been particularly shown in the context of M.tb infection (30, 36). IMs are M1-like and operate at high levels of glycolysis (30). Other types of macrophages relevant in the context of mycobacterial infection include epithelioid cells, multinucleate giant cells (MGCs) and foamy, lipid-rich macrophages (37). MGCs are the result of macrophage fusion within the granuloma, organised cellular aggregates hallmark of TB and leprosy (38).

In leprosy, skin lesions from the milder, tuberculoid forms of the disease have been shown to have an M1-like macrophage predominant population, whereas in more severe skin lesions of multibacillary patients the balance shifts towards M2-like macrophages (39).

BU manifests as chronic ulcerative skin lesions with a distinctive lack of pain and inflammation, which if untreated enlarge over time (40). Tissue necrosis, local analgesia and defective inflammation are all attributed to bacterial production of mycolactone, a diffusible macrolide targeting the entry point of the secretory pathway in eukaryotic cells: the Sec61 translocon (11, 41, 42). By inhibiting Sec61, mycolactone prevents host cell’s production of secreted proteins, and most of its transmembrane proteins, leading to their cytosolic degradation by the proteasome (43–45). In the skin regions surrounding bacterial foci, complete and sustained inhibition of Sec61 in host cells triggers endoplasmic reticulum (ER) stress responses culminating in apoptosis (46). In immune cells recruited to the site of infection, including macrophages, exposure to non-cytotoxic concentrations of mycolactone prevents the production of cytokines, chemokines and the transduction of receptor-mediated signals, thereby the generation of protective immune responses (41). How M.tb, M.leprae and M.ulcerans impact the metabolic reprogramming of immune cells is explored in the following section, and is summarised in Table 1.


Table 1 | M1-like vs M2-like macrophages in mycobacterial infection.





Immune-Metabolic Adaptations of the Macrophage to Mycobacterial Infection

This section provides an overview of the current knowledge regarding the effects of M.tb, M.leprae and M.ulcerans on host macrophage glycolysis, oxidative and lipid metabolism (Figure 1).




Figure 1 | M.tb, M.leprae and M.ulcerans infect macrophages and alter their metabolism. M.tb is primarily sensed by host macrophages through TLR2 and TLR4. Macrophage metabolism shifts towards glycolysis (M1-like), which allows infection control. M.tb has developed strategies to counteract this metabolic switch though induction of miR-21 and IFNβ. M1-like macrophages present a broken TCA cycle, with elevated succinate concentrations that stabilise HIF1α, essential for induction of glycolysis and secretion of pro-inflammatory cytokines such as IL-1β. Itaconate also arises as a consequence of a broken TCA cycle and has multiple immune-regulatory functions, including inhibition of isocitrate lyases Icl1/2. M.tb infection triggers ROS production through NAPDH oxidase. It also promotes increased intracellular lipid content. This results in the development of lipid droplets and the foamy macrophage phenotype, which can be beneficial (i.e. providing cholesterol as nutrient) or detrimental (i.e. secretion of prostaglandins) for the pathogen. M.leprae infection of CD14+ monocytes drives macrophages towards an M2-like phenotype, with a key role for PGL-1. M2-like macrophages rely on oxidative metabolism and are associated with severe lesions. Upon M.leprae infection, macrophages upregulate CD36 and SR-A1 which translates in increased lipid uptake. Lipid droplets and the foamy phenotype have been linked to suppressed mitochondrial function. Furthermore, M.leprae-infected macrophages promote a Treg phenotype when interacting with naïve T cells, together with an impairment of pro-inflammatory cytokine release. Mycolactone released by phagocytozed and extracellular M. ulcerans bacilli diffuses into the cytoplasm of host macrophages and neighboring cells, respectively, gains access to the Sec61 translocon and blocks its activity. An immediate effect of Sec61 blockade by mycolactone is the downregulation of secretory and transmembrane proteins, among which the glucose importer Glut-1, likely resulting in decreased glycolysis. Sustained Sec61 blockade in mycolactone-exposed cells, including macrophages, triggers ER stress responses culminating in apoptosis. Created with BioRender.com.




Glycolysis Versus Oxidative Metabolism: Shaping Macrophage Polarisation

Activation of Toll-like receptors (TLRs) by mycobacterial components induces dynamic and coordinated changes in the energy metabolism of host macrophages similar to those occurring during macrophagic differentiation into the M1-like phenotype. They include a switch towards glycolysis, a disruption of the TCA cycle leading to the accumulation of succinate, and an impaired oxidative phosphorylation. Such alterations are promoted by the Hypoxia-Inducible Factor (HIF)-1α, an oxygen sensor and key glycolysis regulator that is activated by the TCA cycle intermediate succinate and mediates the production of Interleukin (IL)-1β (56). Induction of aerobic glycolysis and HIF-1α are beneficial for both innate and IFNγ-dependent control of intracellular M.tb infection by host macrophages (47, 57, 58). Importantly, in contrast to killed M.tb and the vaccine strain Bacille Calmette-Guérin (BCG), live M.tb was recently shown to specifically prevent the glycolytic switch in infected macrophages, pointing towards M.tb having evolved specific strategies to modulate host cell metabolism to its own benefit (48–50). Thus, there is an arms race to control macrophage metabolism as it is essential in determining infection outcome, and this topic has been extensively covered in recent excellent reviews (59–61). Validating this idea, it was shown in a mouse model of M.tb infection that ontologically and metabolically distinct lung macrophage populations (AMs and IMs) have differential capacities to control bacterial burden (30). Specifically, IMs which are predominantly monocyte-derived and glycolytic, present an increased ability to control M.tb growth compared to AMs, a subset of embryonic origin committed to fatty acid oxidation. Although these findings require further validation in humans, a recent single cell RNA-seq study demonstrated that the majority of lung macrophage populations are conserved between mouse and human (62).

Reprogramming of energy metabolism in M.tb-infected macrophages is also associated with increased levels of NADPH oxidase and inducible nitric oxide synthase (iNOS), promoting the production of reactive oxygen species (ROS) including nitric oxide (NO) with antimycobacterial activity (63, 64). In addition to yielding succinate, disruption of the TCA cycle upon M.tb infection promotes the generation of itaconate from cis-aconitate by aconitate decarboxylase, also known as immune-responsive-gene 1 (IRG1). Although itaconate suppresses the production of inflammatory cytokines and ROS by infected macrophages (65, 66), it directly inhibits M.tb enzymes isocitrate lyases Icl1/2, which are required for bacterial virulence and growth in vivo (67). IRG1 expression was shown to potentiate macrophage capacity to control intracellular M.tb (68) and prevent immunopathology in a mouse model of M.tb infection (69), demonstrating the key importance of this metabolic pathway in host defence against M.tb.

Studies in Schwann cells suggested that infection with M.leprae may also triggers major metabolic reprogramming in infected macrophages. Following infection by M.leprae, Schwann cells increase the expression of insulin-like growth factor (IGF), upregulating glucose transporter 1 (GLUT-1) and glucose uptake by Akt signalling (70). Glucose is redirected from glycolysis to the pentose phosphate pathway through the activation of G6PD, increasing the carbon flux to lipid biosynthesis, while both mitochondrial activity and lactate production are reduced (71, 72). Since M.leprae infection success depends on the pentose phosphate pathway, which generates reducing power for glutathione antioxidant system, it was proposed that M.leprae subverts host cell glucose metabolism to facilitate glutathione regeneration and thereby free-radical control (71).

In vitro experiments demonstrated that M1-like macrophages acquire M2-like phenotypes in the presence of M.leprae and apoptotic cells (which occur in skin lesions), contributing to mycobacterial persistence (52). Exposure of human CD14+ monocytes to M.leprae (MOI 5:1) inhibited M1 polarization, and this effect was likely mediated by the lipid component PGL-1 (73). IL-10 (anti-inflammatory) and IL-15 (pro-inflammatory) were shown to drive distinct macrophage responses which translated into progressive versus self-healing leprosy lesions, respectively (54). Live (but not killed) M.leprae promoted an M2-like phenotype in hMDM, based on IL-1β, IL-6, TNF, IL-10, CD163 and MHC-II expression (55). This M2-skewing was confirmed by measuring IL-10 and IL-12 transcript and protein levels in a different study (74). When M.leprae-infected macrophages were exposed to naïve T cells, diminished pro-inflammatory responses together with increased T regulatory phenotypes were reported (55, 74). These changes occurred using M.leprae harvested from both tuberculoid and lepromatous skin lesions (74). These findings suggest that the M2-like macrophages with predominant oxidative metabolism – same as in the context of M.tb infection - would favour pathogen persistence rather than infection resolution.

Production of mycolactone by intracellular M.ulcerans causes the apoptosis of host macrophages, and bacteria grow primarily extracellularly in infected skin during active BU (11). However, mycolactone released by bacteria diffuses broadly in infected organisms, interfering with the metabolism of both skin-resident and more distant cells (11, 75–77). Mycolactone-mediated Sec61 blockade is likely to impair host cell energy metabolism via the downregulation of nutrient tranporters, such as the glucose transporter Glut1 (SLC2A1). In support of this hypothesis, our metabolomic analysis of Jurkat T cells exposed to mycolactone revealed decreased intracellular levels of Glut1 substrates, glucose-1-phosphate and mannose-6-phosphate, suggesting impaired glycolytic activity (77). We speculate that during infection with M.ulcerans, inhibition of Sec61 impairs glycolysis reprogramming in infected macrophages, and more generally in all mycolactone-exposed immune cells.



Lipid Metabolism

In addition to reprogramming energetic metabolism, M.tb infection rewires the lipid metabolism of host macrophages through inhibition of catabolic pathways (lipid droplet [LD] lysis and β-oxidation of fatty acids) and concomitant activation of lipid uptake, mobilization and de novo synthesis (78). This leads M.tb-infected macrophages to acquire a foamy phenotype, due to the cytoplasmic accumulation of LDs mainly composed of triacylglycerol (TAGs), a storage form of fatty acids, and cholesteryl esters. Whether LD accumulation is beneficial to host macrophages or intracellular M.tb is a matter of debate. Since intracellular M.tb has the ability to import fatty acids deriving from host TAGs and foamy macrophages are a hallmark of chronic TB, accumulation of LDs in infected macrophages may provide the pathogen with essential nutrients (37, 79–81). However, recent data indicate that LD maintenance requires IFNγ-driven induction of HIF-1α, which inhibits lipolysis and prevents M.tb’s acquisition of host lipids (82). Besides, LDs are the major sites of eicosanoid production including the anti-mycobacterial prostaglandin E2 (PGE2) (83), and have direct antibacterial properties (84). PGE2 is required for M.tb control (85, 86) Leukotriene B4 (LTB4) is elevated in pulmonary TB compared to latent M.tb infected individuals (LTBI) (87) and contributes to M.tb immunopathogenesis (86). Beside eicosanoids, fatty acids released by LD lysis can be shuttled across the mitochondrial cell wall for β-oxidation, generating acetyl-CoA that enters the TCA cycle, and co-enzymes used in the respiratory chain to produce ATP. Interestingly, inhibiting fatty acid oxidation augmented macrophage ability to control M.tb infection (30, 53). Rather than starving intracellular M.tb from lipid nutrients, blocking β-oxidation of fatty acids may favour the generation of mitochondrial ROS that promote the phagosomal recruitment of NADPH oxidase and the xenophagic elimination of M.tb (53).

Similar to M.tb, M.leprae upregulates lipid uptake and biosynthetic pathways in infected macrophages, particularly cholesterol (88, 89). Mechanistically, infection with M.leprae increases macrophage expression of scavenger receptor (SR)A-I and CD36, promoting the foamy macrophage phenotype (90, 91). The mycobacteria seem to take shelter within lipid bodies, formed abundantly by host cells, possibly as a strategy to cover and hide surface antigens from innate immune receptors in the cytosol (92, 93). Contrary to M.tb (94), M.leprae cannot degrade or utilize cholesterol as a nutritional source (92), leaving the mechanism by which host cholesterol metabolism supports its in vivo persistence undefined. Notably, M.leprae infection reduces host cell mitochondrial activity in a distinctive manner (88). Oliveira et al. proposed that cytosolic accumulation of lipids in M.leprae-infected macrophages may contribute to mitochondrial shutdown and suppression of their innate immune functions (88).

Besides, macrophages infected with M.tb deprive intracellular bacteria from essential micronutrients like iron and manganese, while using copper and zinc to poison them (95). In turn, M.tb has developed sophisticated strategies to ensure micronutrient acquisition and resist metal toxicity. Interestingly, iron release prevails in AMs facilitating M.tb access to iron, whereas IMs have the capacity to sequester it, contributing to an iron starvation M.tb phenotype (96). Further information on this topic can be found in an excellent recent review by Neyrolles et al. (95). Proteins involved in iron uptake and metabolism are upregulated in lepromatous leprosy lesions, compared to tuberculoid forms, suggesting an association between iron storage in M.leprae-infected macrophages and intracellular bacterial persistence (97).

Together, these studies revealed aerobic glycolysis and fatty acid oxidation as key metabolic pathways enhancing or decreasing the anti-mycobacterial responses of macrophages, respectively. They highlighted species-specific mechanisms used by M.tb, M.leprae and M. ulcerans to subvert the glycolytic switch that is induced by TLR stimulation in infected macrophages, and take advantage of the increased lipid anabolism in host macrophages.




Metabolic-Epigenetic Crosstalk in Mycobacterial-Infected Macrophages

The macrophage metabolic adaptations to mycobacterial infection translate into changes of the intracellular metabolome. The concentration of particular metabolites therefore increases with the predominance of certain metabolic pathways. For example, lactate generation is enhanced with glycolysis, and so are citrate and acetyl-CoA with an active TCA cycle. These metabolic intermediates have the potential to post-translationally modify a wide range of proteins (e.g. histones), increasing proteome diversity and modulating function, including immune function, according to the cell needs (98–100). DNA and histones can thus be modified through metabolic substrates (e.g. methionine, acetyl-CoA, lactate), and metabolic genes can also be targets of such modifications (101). There is increasing recognition that epigenetics play an important role in shaping host-pathogen interactions and infection outcomes.

Zhang and colleagues showed that macrophage histones can be lactylated promoting an M2-like phenotype upon bacterial challenge (102), although this idea has been recently challenged (103). Since elevated glycolysis and lactate production occur in the lung of M.tb-infected hosts [reviewed in (104)], lactate could potentially drive macrophages towards an M2-phenotpye, favouring M.tb survival.

M.tb components switch host cellular metabolism toward aerobic glycolysis in human peripheral blood mononuclear cells (PBMC) through a TLR2-dependent but NOD2-independent mechanism which is partly mediated via the activation of the AKT/mTOR pathway (58). This seems to be of functional relevance as inhibition of the AKT/mTOR pathway inhibits cellular responses to M.tb both in human PBMC and a murine model of TB (58). Insights into the possible mechanisms underlying this relationship has come from studies of BCG vaccination, which has been shown to be a potent inducer of trained immunity due to cellular metabolism reprogramming arising from epigenetic changes (105). BCG-stimulated monocytes have been shown to undergo chromatin remodeling due to histone modification, namely increases in H3K4me3 and H3K9me3 at promoter sites of essential glycolytic genes. The resultant activation of the AKT/mTOR/HIF-1α pathway switches cellular metabolism from oxidative phosphorylation to aerobic glycolysis and as a consequence facilitates increased production of cytokines such as TNF and IL-6 that promote mycobacterial killing (106, 107). Conversely, these epigenetic changes are dependent on the induction of metabolic processes, as inhibition of glycolysis results in reversal of changes in H3K4me3 and H3K9me3 at promoter sites of TNF and IL-6 (107). In contrast to BCG, M.tb has been shown to impair macrophage trained immunity through activation of the type I interferon/iron axis in hematopoietic stem cells (108). This immune-metabolic reprogramming also resulted in suppressed myelopoiesis, overall enhancing host susceptibility to M.tb infection (108).

Another recently described epigenetic modification shown to cause immunomodulation in M.tb infection involves Alu repeat elements. Alu repeats are mobile interspersed repetitive DNA sequences that are transposable from one site in the genome to another, resulting in mutations, insertions and recombination events in protein-coding mRNAs (109). Analysis of genes adjacent to H3K4me1-associated Alu repeats linked to macrophage metabolic responses to M.tb infection has shown that Liver X Receptor-α signaling can be initiated at response elements present in Alu repeats and significantly reduces M.tb viability by altering cholesterol metabolism and enhancing macrophage apoptosis (110). Furthermore, levels of Alu methylation have been found to be significantly lower in paediatric TB patients and the detection of Alu DNA methylation may serve as a diagnostic and prognostic tool of TB disease in this population (111).



Co-Morbidities Impact on Metabolism and Immunity

Vulnerability to infection with M.tb and progression to active disease can be affected by several co-morbidities and social risk factors. The main co-morbidities associated with TB progression and poor outcomes are HIV infection, diabetes, renal disease and smoking. Social risk factors such as excess alcohol consumption, air pollution, incarceration and poor housing are also important. Diabetes, tobacco smoking and HIV infection have a profound impact on the host metabolic state, at both the macrophage (Figure 2) and systemic levels. Understanding how these metabolic changes occur will contribute to elucidating why these particular conditions worsen TB.




Figure 2 | TB co-morbidities impact alveolar macrophages (AMs). Smoking, HIV infection and diabetes mellitus perturb the healthy alveolar macrophage phenotype. These co-morbidities promote changes in alveolar macrophage metabolism and essential functions including phagocytosis and cytokine secretion. These disturbances render the alveolar macrophage population more susceptible to M.tb infection. ↑ increased; ↓ decreased.




Smoking

The fact that tobacco smoking impacts the immune system and increases the prevalence of both respiratory and distal organ-associated diseases has been known for decades [reviewed in (112–116)]. Cigarette smoke (CS) contains abundant compounds (including toxins and carcinogens) which can directly modify immune function [reviewed in (115)].

Few studies have investigated the direct metabolic impact of smoking in M.tb infection. A macrophage shift to glycolysis is essential for effective control of M.tb (30, 47, 49). AMs from smokers presented decreased capacity to control H37Ra M.tb compared to non-smokers (117). This was probably due to impaired secretion of key cytokines for infection control, including IL-1β, TNF and IFNγ, and some of these altered immune responses remained in AMs from ex-smokers (117).

Both reduced metabolic activity (measured by oxygen consumption rate [OCR] and extracellular acidification rate [ECAR]) and metabolic reserves (glycolytic reserve and spare respiratory capacity [SRC]) have been reported at baseline in AM from smokers, measured by extracellular flux analysis (33). Interestingly, baseline metabolism of smokers’ AMs was skewed towards glycolysis, matching previous results (118). AMs from smokers showed diminished glycolysis than AMs from non-smokers when challenged with M.tb, measured by extracellular flux analysis and lactate secretion (33). No differences in oxidative metabolism were detected. Of note, the essential shift towards glycolysis (ECAR/OCR) for M.tb control was severely impaired in smokers’ AMs compared to their non-smokers counterparts, and was confirmed at the transcriptional level (2-fold change reduction in the glycolysis rate-limiting enzyme hexokinase 1). This translated in a trend towards attenuated pro-inflammatory responses (IL-1β and PGE2 secretion). The described deficient shift to glycolysis, decreased lactate and IL-1β secretion were confirmed in an in vitro model of hMDMs treated with CSE (33). The bioenergetic profiling experiments were performed using H37Rv γ-irradiated M.tb. This is important since live/dead M.tb have been shown to induce profoundly different metabolic adaptations in hMDMs measured by extracellular flux analysis (48). Other studies using hMDM and a THP-1 model and CSE have shown impaired responses to LPS, based on reduced basal and induced glycolysis, NLRP3 activation and subsequent IL-1β and IL-18 secretion (119).

Although further mechanistic studies are needed, there is enough evidence supporting the notion that CS causes dysfunctional AM metabolic profiles, which directly impact the orchestration of effective immune responses against respiratory pathogens, and might help explaining the worsening of TB reported in the smoking population.



Diabetes Mellitus


The Increasing Overlap of Two Epidemics

Up until a few years ago, the epidemics of TB and diabetes mellitus (DM) were, for the most part, geographically disconnected. Today, the geographic overlap between these two epidemics arises as a worldwide threat, as TB and diabetes have the potential to make each other worse (120, 121). It is estimated that about 15% of current TB cases are associated with T2D (122, 123). Here, we will discuss how diabetes detrimentally impacts TB.

Animal studies have further confirmed that DM worsens TB outcomes. In a mouse model of DM using streptozotocin (STZ) to destroy pancreatic islets, macrophages presented a 90% reduction in their phagocytic capacity, although their intracellular killing abilities were intact (124). When these mice were challenged with M.tb (Schacht strain) 90% of them died, compared to 10% in the non-diabetic group (124). Other mice, rat and guinea pig models of diabetes/hyperglycaemia have reported increased bacterial burden compared to control animals, together with diminished IFNγ responses (125–129).



Immune Alterations

Chemotaxis of monocytes has been shown to be impaired in diabetic patients (130, 131), potentially affecting recruitment into the lung. Furthermore, monocytes from DM patients presented diminished binding and phagocytic capacity towards H37Rv M.tb compared to healthy controls (132).

Within the lungs of diabetic C57BL/6 mice (STZ model) and using an aerosol challenge model of Erdman M.tb, it was shown that the increased TB susceptibility may arise from delayed innate immune responses (133). In particular, at 2 weeks post-infection (pi) there was abundant recruited monocytes at the site of infection in the control group. In contrast, in the lungs of diabetic mice, M.tb-infected AMs prevailed, and monocyte recruitment was limited (133). This translated in delayed delivery of M.tb-antigens to the lymph nodes, and delayed presence of IFNγ+ M.tb-specific T cells in the lymph nodes and in the lungs compared to the non-diabetic group, slowing appearance of effective immune responses and potentially contributing to bacterial persistence (133). The mechanisms underlying impaired chemotaxis/recruitment remain unknown. The reliance of AMs on oxidative metabolism which facilitates M.tb persistence, in comparison to the more glycolytic recruited monocytes, could further explain the observed differences in mycobacterial control.

PBMCs from healthy individuals treated with M.tb lysate in high concentrations of glucose (40mM, but not 25mM or lower) resulted in increased secretion of TNF, IL-1β, IL-6, but not IFNγ IL-17A and IL-22 (134). Differentiated macrophages at 25 mM glucose promoted enhanced cytokine production after stimulation with M.tb lysate and LPS. However, no differences were reported in phagocytosis and M.tb killing capacities (134). Macrophages differentiated from healthy individuals and diabetic patients were characterised at baseline and after M.tb infection (MOI 5:1 for 24h) with different strains (135). Expression of key molecules for antigen presentation (HLA-DR, CD80 and CD86), the inhibitory molecule PD-L1, and cytokines/chemokines secretion patterns differed between DM patients and controls. MDMs from T2D patients presented attenuated capacity to bind, internalise and clear M.tb, and worse outcomes were reported with more virulent strains (135). Similarly, MDMs from chronic diabetic patients presented impaired M.tb killing capacity (136). Monocytes from T2D patients and healthy controls infected with M.tb presented similar bacterial growth (137). However, monocytes cultured at 30mM glucose to mimic hyperglycaemic conditions, compared to monocytes cultured at 11mM glucose, presented decreased IL-8 production (a key neutrophil chemoattractant) as well as increased H37ra M.tb survival 3 days pi (137).

In the particular context of AM, TB-DM patients presented decreased numbers of a particular hypodense AM subset, compared to TB only patients (138). Within the active pulmonary TB patients, a negative correlation was observed between the percentage of hypodense AMs and sputum bacterial load, together with disease severity assessed by chest X-ray. Overall AMs from TB-DM patients were less activated (138). Although primarily reporting descriptive findings, this is, to our knowledge, the first study showing direct impact of DM in the AM lung-resident population. Another key study focusing on AMs used the STZ mice diabetes model and showed that AMs from diabetic mice presented reduced CD14 and MARCO expression, the latter being essential in the recognition of trehalose 6,6′-dimycolate (TDM) within the bacterial cell wall (139). This translated in reduced M.tb (Erdman strain) phagocytosis and was specific to the AM population (peritoneal or BMDM did not present this altered phenotype). These AMs defects resulted in impaired T-cell priming, which was observed when AMs from diabetic animals were transferred to control animals (139).

Other major immune cell types including dendritic cells, neutrophils, natural killer cells and T cells are also impacted in the context of diabetes and hyperglycaemia. It is beyond the scope of this review to explore their precise mechanisms, and they have been reviewed elsewhere (140, 141).



Immune-Metabolic Alterations Beyond Hyperglycaemia

DM not only comprises hyperglycaemia but also a wide range of further metabolic alterations [reviewed in (142)] which have the potential to impact immune responses to M.tb (i.e. dyslipidaemia, redox and hormone balance). DM is often associated with dyslipidaemia (e.g. increased oxidised-low density lipoproteins [ox-LDLs)] and although it is difficult to establish causal links, it is well described that M.tb thrives in lipid-rich environments. Ox-LDLs accumulate in AMs of guinea pigs infected with M.tb, increasing bacterial burden (143). Similarly, in vitro human studies showed that ox-LDLs promoted M.tb survival by impairing lysosomal function (144).

It is challenging to draw conclusive answers regarding the underlying mechanisms of TB enhanced susceptibility in DM patients due to the limited number of human studies and the variety of models used (ie. mouse and human monocytes/macrophages, from diabetic subjects or treated with varying concentrations of glucose). Nonetheless, there is ample evidence suggesting altered function of the myeloid compartment in the context of DM, including chemotaxis, bacterial recognition, phagocytosis, cytokine secretion and metabolism, which could facilitate TB disease. The described immune alterations have the potential to impact the outcome of other infectious diseases [reviewed in (145, 146)]. Although there is scarce literature exploring the link between diabetes and leprosy, early studies reported an increase in diabetes in lepromatous leprosy patients (147).




HIV

According to the WHO, people living with HIV have an increased risk (16-27 times) of developing active TB compared to non-infected individuals (2). One of the key mechanisms behind this enhanced risk is the fact that HIV causes CD4+ T cell depletion [reviewed in (148)], a cell subset essential for control of M.tb infection (149–151). There is increasing awareness of HIV-driven impairment in the innate immune compartment as a key contributor to increased TB risk in M.tb-infected individuals. Here, we explore the impact of HIV infection on macrophages and how that may facilitate TB progression.

Monocyte chemotaxis (152) and monocyte oxidative burst capacities have been shown to be impaired in HIV-infected individuals (153). HIV infection downregulated essential TLRs in the myeloid compartment which are essential for M.tb recognition (154, 155). In vitro, HIV infection of hMDMs promotes an M1-like phenotype (156) and impacts macrophage metabolism, inducing mitochondrial fusion, reduced oxidative phosphorylation and no changes in glycolysis (157, 158). Enhanced lipid accumulation together with increased uptake of ox-LDL was reported in hMDMs from HIV-infected individuals compared to controls, which could potentially contribute to the foamy macrophage phenotype and aid M.tb survival (159). HIV-infected hMDMs prevented GM-CSF-mediated activation of STAT5A, a signalling pathway essential for TB control (160). TNF secretion was reduced in HIV/M.tb co-infected macrophages compared to M.tb alone in a THP-1 cell model and human AMs (161, 162), as well as TNF-dependent apoptosis (161–163). There is evidence of HIV capacity to infect AMs (164, 165) which can act as viral reservoirs (166). HIV-infected AMs present impaired phagocytic function (167), and HIV inhibits phagocytosis in hMDMs in a Nef-dependent manner (168). Restricted vesicle acidification in AMs from HIV-TB patients has been reported (169). One study in HIV-TB coinfected individuals reported no differences in phagocytosis or acidification capacities due to HIV infection (170). The overall evidence suggests that HIV makes AMs more permissive to M.tb and promotes early bacterial growth, but further research is needed to precisely elucidate the role of macrophage metabolism in this co-infection setting.

In contrast to TB, an increased risk of leprosy or enhanced severe disease has not been described in HIV-infected individuals [reviewed in (171)]. However, leprosy patients receiving highly active antiretroviral therapy (HAART) are at increased risk of reversal reaction (RR), an inflammatory exacerbation (172). The monocyte/macrophage phenotype has been shown to be distinct in skin lesions from RR/HIV patients compared to RR alone (173) including increased expression of CD209, vascular endothelial growth factor (VEGF), arginase 2 (ARG2) and PPARγ in the former. The clinical implications of these findings remain unknown. HIV-BU co-infection is rare and there is very limited research on the topic. However, current studies point towards BU patients being more likely to be infected with HIV, and HIV infection increasing BU severity (174, 175).




Identifying Immune-Metabolic Host Therapeutic Targets

Given the significant disease burden of TB and leprosy, the rise in drug resistance and the challenges associated with the development of novel anti-mycobacterial agents, HDT strategies which augment host responses to mycobacterial infections, have become an increasing focus of interest (176–178) (Figure 3). Greater understanding of the role of immunometabolism in both protection against, and susceptibility to, infection provides potential targets to promote resistance and modulate tolerance to chronic infection.




Figure 3 | Host-directed therapies in mycobacterial infections. A wide range of approaches and molecules are being investigated to identify novel immune-metabolic targets for treatment of mycobacterial diseases. Therapeutic interventions with macronutrients, micronutrients and small chemical molecules, as well as compounds targeting whole-body metabolism have the potential to shift the resistance/tolerance balance of the host when challenged with mycobacteria. ↑ increased; ↓ decreased.



As discussed, it is well established epidemiologically that individuals with metabolic conditions such as T2D are at increased risk of developing active TB disease, suggesting not only the important role of host metabolic regulation in anti-M.tb responses but also pathways for possible therapeutic intervention (179).

In the context of T2D, the antihyperglycemic biguanide drug metformin appears to be a good candidate to modulate mycobacterial tolerance [reviewed in (180)]. Among patients with T2D metformin reduces the risk of M.tb infection, the progression to and the severity of TB disease, mortality, lung cavitation, relapse, accelerates sputum conversion and enhances the efficacy of anti-TB drugs (181–186). Several possible mechanisms for the advantageous effects of metformin have been suggested, including enhancing phagocytosis, phagolysosome fusion and autophagy to increase M.tb killing in macrophages; the upregulation of mitochondrial ROS production and intracellular antimycobacterial responses; an anti-inflammatory effect to reduce deleterious inflammation (182, 187, 188). Recent work suggests that metformin also educates CD8+ T-cells which results in increased mitochondrial mass, oxidative phosphorylation, and fatty acid oxidation. Such reprogramming of immune-metabolic circuits increases survival capacity and anti-mycobacterial properties of CD8+ T-cells, as seen by enhancement of BCG vaccine protective efficacy and improvements in the sterilizing ability of antibiotics (189). Since butyrate increases susceptibility to TB (134), increasing its concentration by altering gut microbiota might offer another HDT against M.tb. Eicosanoids have also been proposed as potential drug candidates for treating TB. In elegant mice experiments, IL-1 induced PGE2 production which promoted M.tb control by suppressing type I IFN (85). Furthermore, PGE2 administration resulted in decreased pulmonary M.tb load and associated pathology, as well as increased animal survival (85). These promising findings need to be validated in humans and recent evidence highlights the potential of PGE2 as an HDT candidate for treating TB (190). However, a comprehensive understanding of PGE2 kinetics and its effects on the overall immune system will be needed before eicosanoids can be clinically applied (191).

Similar to the action of metformin in targeting whole-body metabolism, statin intake has been associated with significantly reduced risk of developing TB in both T2D patients and non-diabetic general populations (192). Statins reduce inflammation, modulate the immune responses and have direct antimicrobial effects (193). Used as an adjunct, statins enhance the bactericidal activity of first-line TB drugs against intracellular M.tb and shortens TB treatment duration (194). Mechanistic studies indicate that statin-mediated reduction in cholesterol levels within phagosomal membranes counteract M.tb-induced inhibition of phagosomal maturation and promotes host-induced autophagy, therefore augmenting host responses against M.tb (195).

The role of vitamins in host immunity to M.tb are of increasing interest. The active form of vitamin A, all-trans retinoic acid (ATRA), has been shown to promote autophagy. This results in a reduced bacterial burden in human macrophages infected with M.tb, which is induced by cytosolic sensing of double-stranded DNA via the STING/TBK1/IRF3 axis (196). Furthermore, ATRA induces a reduction in total cellular cholesterol concentration and promotes lysosomal acidification in M.tb-infected monocytes via an NPC2-dependent mechanism which results in enhanced antimicrobial activity (197). The possible benefit derived from sunlight and vitamin D supplementation was first suggested in the pre-antibiotic era and has shown to modulate both innate and adaptive immune responses. The biologically active form of vitamin D, 1,25-dihydroxy- vitamin D3 (1,25(OH)2D3), enhances the expression of LL-37 in macrophages, the only cathelicidin-derived antimicrobial peptide found in humans, which promotes the destruction of M.tb and consequently autophagy (198, 199). While a series of clinical trials have failed to show vitamin D supplementation impacts on clinical outcomes in TB, there is some evidence that high-dose vitamin D improves the resolution of inflammatory responses during TB therapy and may be beneficial in a subset of TB patients who have a specific polymorphism in the vitamin D receptor (VDR) (200, 201).

The exploration of possible roles of immunomodulatory macronutrient has, to date, focused on glutamine, arginine and tryptophan. Glutamine pathway genes are differentially expressed in M.tb-infected macrophages and in the blood of individuals with LTBI or active TB. Glutamine has been identified as the main nitrogen M.tb source within infected macrophages (202). Inhibiting glutaminolysis or reducing the availability of glutamine impairs the production of key cytokines by T-cells (IFNγ, IL-1β, IL-17 and IL-22) in response to challenge with M.tb, as does genetic polymorphisms in glutamine metabolism genes (including GLS2, SLC1A5, and SLC7A5) (203). Similarly, L-citrulline and L-arginine are necessary for antimycobacterial responses, mediated by microbicidal NO production via inducible NO synthase–mediated L-arginine metabolism in infected macrophages. It has been suggested that targeting this pathway might provide novel approaches for enhancing immunity in mycobacterial disease (204). Interestingly, Arg1 conditional gene-deleted mice presented decreased M.tb burden compared to wild types, probably due to enhanced macrophage M.tb killing capacities (205). In contrast, L-Arg has been shown to contribute to macrophage M.tb clearance (206). Observed differences could be explained by different location of Arg1+ macrophages within the granuloma, as well as their role in different infection stages (207). Finally, tryptophan biosynthesis by mycobacteria under stress conditions has been shown to protect M.tb from CD4+ T-cell-mediated killing by IFNγ. Inhibition of M.tb tryptophan synthesis by the small-molecule 2-amino-6-fluorobenzoic acid (6-FABA) converts M.tb into a tryptophan auxotroph and restores the efficacy of failed CD4+ T-cell-mediated host defence (208). Interestingly, the indole propionic acid (IPA), produced by the gut microbiota, also blocks tryptophan biosynthesis in M.tb via inhibition of anthranilate synthase (TrpE) which catalyses the first committed step in the tryptophan biosynthesis pathway, by mimicking the physiological allosteric inhibitor of this enzyme (209). Therefore, in contrast to macronutrient supplementation by glutamine and arginine, tryptophan depletion may have a role in M.tb control. In the specific context of macrophages, M.tb infection causes indoleamine 2,3-dioxygenase (IDO) upregulation, the first rate-limiting enzyme of tryptophan catabolism (210, 211). This not only decreases tryptophan concentrations, but also produces metabolites which activate the aryl hydrocarbon receptor (AHR), which in turns modulate immune activity. For instance, Ahr-/- mice were unable to control M.tb H37Rv infection (212). Excellent recent reviews have further covered the potential intervention of metabolic pathways for HDT against TB (213–216).

Treating infected macrophages with statins reduces the viability of intracellular M. leprae, similar to that seen with M.tb, raising the possible use of statins as an adjuvant HDT for leprosy (217). Also similar to M.tb, autophagy is an exciting possible target for HDT leprosy as it promotes bacterial clearance and antigen presentation (218, 219). Not only does autophagy clear M. leprae from macrophages but recent evidence suggests it can modulate leprosy disease presentation, driving paucibacillary tuberculoid leprosy in individuals with more autophagic control with a predominance of IL-26, IFNγ, and TNF, autophagy-inducing cytokines (51, 220–223). Rapamycin, metformin and the antiprotozoal drug nitazoxanide have been proposed as HDTs against leprosy via modulating autophagic mechanisms to promote the antimicrobial response against M.leprae and decrease inflammation-mediated immunopathology (93).



Conclusion

Mycobacterial infections still represent a major public health issue and we need better treatments. A greater understanding of the host-induced metabolic and immune responses to mycobacterial challenge will aid the design of novel, and needed, host-directed therapeutic strategies. Macrophages are mycobacterial targets and constitute a heterogenous cell population; as reflected by their metabolic diversity and plasticity. Mycobacterial infection shapes host cell metabolism and there are clear metabolic and coupled functional phenotypes associated with particular infection outcomes (ie. M1-like favours infection control, while M2-like macrophages are more permissive to infection). Changes in macrophage polarisation upon infection directly impact the concentration of certain intracellular metabolites. They have the potential to post-translationally modify proteins, including histones. Therefore, changes in host cell metabolism can change the epigenetic landscape of the cell, with long term consequences regarding the host ability to control mycobacterial infection (107, 108). Mycobacterial diseases including TB and leprosy do not exist in isolation. Co-morbidities such as smoking, diabetes and HIV infection can worsen TB outcomes, and this can partially be explained by disease-induced metabolic changes. Gaining mechanistic understanding of this phenomenon brings us closer to the design of new and effective therapies, including expanding the use of current drugs such as metformin. There has been outstanding research in the last decades unravelling the links between cell metabolism and induced immune responses. This is a promising avenue that needs pursuing as it holds great potential to identify new targets for therapy that will aid the fight against ancient and devastating epidemics such as TB and leprosy.
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Tuberculosis is a deadly, contagious respiratory disease that is caused by the pathogenic bacterium Mycobacterium tuberculosis (Mtb). Mtb is adept at manipulating and evading host immunity by hijacking alveolar macrophages, the first line of defense against inhaled pathogens, by regulating the mode and timing of host cell death. It is established that Mtb infection actively blocks apoptosis and instead induces necrotic-like modes of cell death to promote disease progression. This survival strategy shields the bacteria from destruction by the immune system and antibiotics while allowing for the spread of bacteria at opportunistic times. As such, it is critical to understand how Mtb interacts with host macrophages to manipulate the mode of cell death. Herein, we demonstrate that Mtb infection triggers a time-dependent reduction in the expression of focal adhesion kinase (FAK) in human macrophages. Using pharmacological perturbations, we show that inhibition of FAK (FAKi) triggers an increase in a necrotic form of cell death during Mtb infection. In contrast, genetic overexpression of FAK (FAK+) completely blocked macrophage cell death during Mtb infection. Using specific inhibitors of necrotic cell death, we show that FAK-mediated cell death during Mtb infection occurs in a RIPK1-depedent, and to a lesser extent, RIPK3-MLKL-dependent mechanism. Consistent with these findings, FAKi results in uncontrolled replication of Mtb, whereas FAK+ reduces the intracellular survival of Mtb in macrophages. In addition, we demonstrate that enhanced control of intracellular Mtb replication by FAK+ macrophages is a result of increased production of antibacterial reactive oxygen species (ROS) as inhibitors of ROS production restored Mtb burden in FAK+ macrophages to same levels as in wild-type cells. Collectively, our data establishes FAK as an important host protective response during Mtb infection to block necrotic cell death and induce ROS production, which are required to restrict the survival of Mtb.
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Introduction

Tuberculosis (TB) is one of the most ancient and deadliest diseases to afflict humankind, and it remains a major global health and economic threat (1). TB is a respiratory disease caused by inhaling the bacterium Mycobacterium tuberculosis (Mtb), which is transmitted through airborne droplets. Over the past 200 years, TB disease has been responsible for over 1 billion deaths (2), with 10 million new active TB infections and 1.5 million deaths occurring every year in recent times (3). Unfortunately, antimicrobial chemotherapy, which remains the standard choice of treatment, faces significant challenges due to the emergence of multi-drug resistant TB strains and lengthy treatment durations that are associated with poor patient compliance and high toxicity (4).

Human alveolar macrophages, the first line of defense against the inhaled bacteria (5), largely rely on multiple innate antimicrobial effector mechanisms to facilitate bacterial clearance (6, 7). Effective host control and elimination of Mtb depends on mechanisms including phagocytosis (6, 8), phagosome maturation (9), autophagy (10), antigen presentation and priming (11), metabolic pathways (12), reactive oxygen and nitrogen species production (13, 14), and programmed cell death pathways (15). However, Mtb employs a range of strategies to escape these host defences, leveraging the intracellular environment as a replication niche to promote its survival and subsequent systemic infection (16, 17).

Mtb specifically manipulates the timing and mode of cell death in infected macrophages (18, 19) to evade host immunity, thereby shielding the bacteria from destruction by the immune system and antibiotics, while allowing for the spread of bacteria when the timing is appropriate (7, 20, 21). An understanding of how this successful intracellular pathogen regulates host cell death to promote its survival is critical for developing alternative therapeutic strategies aimed at targeting host proteins/pathways such as adjunctive host-directed therapies (HDT) (22).

Cell death is a consequence of the interactions between the bacteria and the host cell (23). It can greatly influence disease progression by promoting either the survival or clearance of the invading pathogen (24–26). Mtb-infected macrophages can undergo two main modes of cell death: apoptosis and necrosis (27), the latter of which includes both passive and programmed forms of cell death. Apoptosis and necrosis usually have different outcomes for the course of infection. Apoptosis, a tightly regulated process of programmed cell death, minimizes inflammation by ensuring that dismembered contents of dying cells are contained within membrane-bound vesicles termed apoptotic bodies. These vesicles display “eat me” signals to facilitate recognition and elimination by neighbouring and resident phagocytes (28, 29). As such, apoptosis benefits the host by eliminating a replication niche and exposing pathogens to both cell-mediated and humoral immunity (28). Unfortunately, Mtb modulates host cell signalling molecules, including phosphatases, kinases and lipids, to control cell death to escape host immunity (17). For instance, Mtb manipulates the expression of protein phosphatase, Mg2+/Mn2+-dependent 1A (PPM1A), a key regulator of innate antibacterial and antiviral responses in macrophages, to block apoptosis (30, 31). In turn, intracellular survival of Mtb and subsequent bacterial dissemination is facilitated. Host eicosanoids, such as lipoxin A4 (LTA4), are targeted by Mtb to downregulate pro-apoptotic enzymes or lipids, such as cyclooxygenase 2 (COX2) and prostaglandin E2 (PGE2), thereby suppressing apoptosis (32). Mtb further exploits Mcl-1, a pro-survival protein, by inducing its expression to repress Bax and limit apoptosis in turn (33).

The ability of Mtb to block apoptosis suggests an alternative exit strategy allowing the pathogen to reach the extracellular environment. Mtb directs its exit from the host cell by shifting the balance from host-protective apoptotic cell death towards necrotic forms of host cell death. Necrotic cell death is characterized by loss of plasma membrane integrity, swelling of cytoplasmic organelles, and the release of cytoplasmic and nuclear contents to the extracellular space, which results in hyperinflammation (24). As such, necrotic cell death is permissive for bacterial replication and allows Mtb to disseminate to neighbouring cells, thus leading to lung damage (25, 27). In recent years, two coordinated modes of programmed necrotic cell death namely, necroptosis and pyroptosis have been described (18). Necroptosis is induced by an apoptotic stimulus under conditions where apoptosis execution is hindered whereas pyroptosis is triggered by proinflammatory signals and associated with inflammation (18). Necroptosis is usually initiated by immune ligands such as TNF-α, Fas and Lipopolysaccharide (LPS), leading to the activation of the receptor interacting serine/threonine kinase 3 (RIPK3), which phosphorylates mixed lineage kinase domain like pseudokinase (MLKL) and subsequently disturbing the cell integrity (34). On the other hand, pyroptosis requires the activation of caspase-1 which cleaves and activates inflammatory cytokines such as IL-1β and IL-18 (35). Mtb is known to induce necrosis via the virulence factor tuberculosis necrotizing toxin (TNT). TNT is secreted into the macrophage cytosol to degrade all cellular NAD+, thus leading to the activation of necroptotic cell death pathways (36, 37). Mtb has also been shown to target the p38 mitogen activated protein kinase (MAPK) signaling pathway by inducing its phosphorylation, which leads to mitochondrial membrane permeability transition and subsequent necrotic death of human macrophages (38). Necrotic cell death also plays a detrimental role in inflammatory tissue damage and may result in the loss of granuloma integrity in the lungs of infected individuals (39, 40). In summary, virulent strains of Mtb have evolved to exploit host signaling pathways to skew host cell death dynamics towards modalities that favour bacterial persistence, such as necrosis, and away from modalities that promote bacterial clearance, such as apoptosis (36, 41, 42). As such, identification and characterization of cellular checkpoints that are exploited by Mtb to modulate host cell death are key to understanding immunity against TB and could allow for the development of targeted therapeutics aimed at restoring the ability of macrophages to effectively eliminate Mtb.

Previous studies from our lab identified focal adhesion kinase (FAK) as a dysregulated signaling node in macrophages that were persistently infected with Mtb (4-6 weeks) or in macrophages that resisted apoptosis (30, 31), suggesting a potential role for this kinase in the control of cell death during Mtb infection. FAK is a cytoplasmic non-receptor protein tyrosine kinase that is encoded by the protein tyrosine kinase 2 (PTK2) gene (43, 44). It is located at the focal adhesion sites and is responsible for regulating cellular survival (45, 46), proliferation (47), and migration (48) in various types of cells. FAK is most well-characterized for its role in apoptosis in cancer cells (49–52) by functioning upstream of the p53 and protein kinase B (Akt)/phosphatidylinositol 3-kinase (PIP3) pathways (53). In addition, a few studies have reported a role for FAK in the regulation of diverse mechanisms necessary for the internalization or impairment of certain bacteria, viruses, and fungi into host cells (54–58).

Despite the well-characterized role of FAK in cell death in the context of cancer, its function in macrophage cell death during bacterial infection has not been well explored. Given the function of FAK in cell death and its link to persistently Mtb-infected macrophages, we hypothesized that FAK may be exploited by Mtb to modulate host cell death and promote its survival. Herein, we demonstrate that FAK expression is downregulated following Mtb infection in both human and mouse macrophage cell lines. To examine the effect of dysregulated FAK expression during Mtb infection, we used pharmacological and genetic perturbation approaches. Pharmacological inhibition of FAK increased cell death of Mtb-infected macrophages, whereas overexpression of FAK blocked cell death during infection. Mechanistically, we determined that necroptosis is the specific mode of cell death controlled by FAK during Mtb infection. Consistent with an effect of FAK modulation on cell death, inhibition of FAK resulted in enhanced replication of Mtb, whereas overexpression of FAK restricted the intracellular survival of Mtb. The ability of macrophages overexpressing FAK to limit Mtb survival was also due in part to increased production of reactive oxygen species (ROS). Overall, our findings indicate that FAK is a host-protective signaling protein required for tuberculosis immunity by restricting host macrophage necrosis. Our work provides insight into how Mtb exploits host signaling pathways to modulate the mode of cell death, which could pave the way for host-directed therapies targeting FAK. Such therapies could skew host cell death dynamics away from necrosis to limit inflammation and bacterial dissemination, thereby facilitating bacterial containment and TB treatment.



Materials And Methods


Cell Culture and Reagents

THP-1 Monocytes (ATCC TIB-202) and their derivatives were maintained in RPMI 1640 medium (Gibco, Gaithersburg, MD). HEK GP2-293 (Clontech-Takara, USA), RAW 264.7 (ATCC TIB-71) and mouse bone marrow-derived macrophages (BMDMs) were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Millipore Sigma, Burlington, MA). RPMI-1640 and DMEM media were supplemented with 2 mM L-glutamine, Penicillin-Streptomycin (100 I.U./mL penicillin, 100 µg/ml streptomycin), 10 mM HEPES and 10% heat-inactivated fetal bovine serum (FBS). Cells were maintained at 37°C in a humidified atmosphere of 5% CO2. BMDMs were derived from bone marrow of mouse femurs and tibiae following differentiation in DMEM supplemented with 20% L929 conditioned medium for 7-8 days. Purity of BMDM cultures was evaluated by anti F4/80 (T45-2342, BD Pharmingen, Franklin Lakes, NJ) and CD11b (M1/70) staining via flow cytometry. THP-1 monocytes were differentiated with 100 ng/ml Phorbol 12-myristate 13-acetate (PMA, Alfa Aesar, Haverhill, MA) for 72 h, after which the differentiated cells were washed with Phosphate buffered Saline (PBS) prior to infection with Mtb.



Inhibitors

PF-573-228 and necrostatin-1 were purchased from MedChem Express (Monmouth, NJ), while necrostatin-1s was purchased from New England Biolabs (Ipswich, MA). GSK-872 was purchased from Tocris (Toronto, Canada). Necrosulfonamide (NSA), N-acetyl cysteine (NAC), PF-562-271, and GSK2795039 were purchased from Millipore Sigma.



Bacteria and Plasmids

The Mtb H37Rv-derived auxotrophic strain mc26206 (ΔPanCDΔLeuCD) (59) was grown in Middlebrook 7H9 medium supplemented with 0.2% glycerol (Fisher Chemical, Waltham), 0.05% Tween-80 (Acros Organics, Fair Lawn, NI), and 10% OADC and maintained at 37°C with slow shaking (50 rpm). Growth medium of the auxotrophic Mtb strain was supplemented with 24 μg/ml pantothenate and 50 μg/ml L-leucine. Mtb mc26206 expressing firefly luciferase was generated by transformation of the pSMT3-luciferase plasmid (60). Mtb-luciferase were maintained in selection with 50 µg/ml Hygromycin B (Calbiochem, San Diego, CA). Mtb mc26206 expressing tdTomato was generated by transformation of the pML2304 plasmid (generous gift from Dr. Michael Niederweis) and maintained in selection with 50 µg/ml Hygromycin B. Escherichia coli strains DH5α and NEB Stable (New England Biolabs) were used for plasmid propagation production of recombinant FAK protein and were grown in Luria-Bertani broth at 37°C. Plasmid pMSCV-FAK was generated using the Gibson assembly method with oligonucleotides designed using the NEBuilder Assembly Tool. The FAK gene (PTK2) was amplified in two fragments from THP-1 cell-derived cDNA. The first fragment was amplified using the oligonucleotide pair 5’-aggcgccggaattagatctcATGGCAGCTGCTTACCTTG-3’ (forward; lowercase letters denote overlap with vector backbone, uppercase letters denote gene-specific primer) and 5’-aaccgccaaaGCTGGATTCTCTGGACTC-3’ (reverse; lowercase letters denote overlap with 2nd FAK fragment, uppercase letters denote gene-specific primer). The second fragment was amplified using the oligonucleotide pair 5’-agaatccagcTTTGGCGGTTGCAATTAAAAC-3’ (forward; lowercase letters denote overlap with 1st FAK fragment, uppercase letters denote gene-specific primer) and 5’-cctacccggtagaattcgttTCAGTGTGGTCTCGTCTG-3’ (reverse; lowercase letters denote overlap with vector backbone, uppercase letters denote gene-specific primer). pMSCV-puro was digested using the restriction enzymes XhoI and HpaI, and the two PCR amplified FAK fragments were inserted into the multiple cloning site for retroviral expression.



Generation of THP-FAK+ Cells

HEK GP2-293 cells seeded at 50% confluency were co-transfected with retroviral vector pMSCV-FAK and the VSV-G envelope plasmid using FuGENE (Promega, Madison, WA) at a ratio of 4:1 (FuGENE : DNA). Culture supernatants were harvested after 48 h, aliquoted, and stored at -80°C. Different volumes of supernatants containing retroviral particles supplemented with 10 µg/ml DEAE-Dextran (Sigma-Aldrich, UK) were used to transduce THP-1 cells, after which the viability of transduced cells was examined. Cells were selected by puromycin and analyzed by western blot to verify overexpression of FAK protein.



Bacterial Infection and Survival

Mtb mc26206 growing in log-phase was quantified by optical density measurement at 600 nm (OD600) using the conversion of 3 × 108 (Mtb) bacteria per ml for an OD600 of 1.0. The number of bacteria required for various multiplicity of infections (MOIs) were washed and resuspended in RPMI 1640 media without antibiotics supplemented with 10% human serum. For infection of differentiated THP-1 macrophages, RAW 264.7 macrophages, and BMDMs, bacteria were added to the cells and incubated at 37°C for 4 h. Cells were then washed 3 times with PBS to remove extracellular, non-phagocytosed bacteria and the infection was continued at 37°C for the desired time. For infections performed in the presence of the FAK inhibitors PF-573-228 or PF-562-271, cells were pre-treated 24 h before infection. Compounds were maintained in the medium for the duration of the experiment and refreshed every second day. To assess the survival and viability of intracellular Mtb, cell culture supernatant was removed, and Mtb-infected cells were washed three times with PBS. Macrophages were lysed with Glo Lysis Buffer as per the manufacturer’s instructions at the indicated time points post-infection. Luciferase activity, proportional to the number of viable bacteria in each well, was determined using the Bright-Glo™ Luciferase Assay System according to the manufacturer’s protocol. Resultant luminescence was measured with the Synergy™ H1 Hybrid Multi-Mode Reader (BioTek, Winooski, Vermont) using 96-well solid white plates (Corning, Corning, NY) and an integration time of 1 second per well.



Resazurin Cell Viability Assay

The resazurin microtitre plate assay was used to determine the cytotoxicity of FAK inhibitor compounds. At the indicated time points, resazurin working solution was added to each well to a final concentration of 0.03 mg/ml. After a 2 h incubation at 37°C, fluorescence was measured using the Synergy™ H1 Hybrid Multi-Mode Reader with excitation wavelength of 560 nm and emission wavelength of 590 nm. Cytotoxicity of cells was assessed by comparing the fluorescence of treated to untreated cells. To assess the antibacterial effects of FAK inhibitors, serial dilutions of compounds were added to each well containing 1.2 x 107 Mtb. The culture plate was sealed with parafilm and incubated at 37°C for 5 days. Then, resazurin solution was added to each well to a final concentration of 0.03 mg/ml. After a 6 h incubation at 37°C, fluorescence was measured as indicated above.



Real-Time Cell Analysis Assay (RTCA)

Macrophage adhesion was measured in specialized 96-well plates (E-plate 96) with the xCELLigence Real-time Cell Analyzer (RTCA) SP apparatus (ACEA Biosciences, San Diego, CA). Data was quantified by measuring impedance changes between the sensing electrodes located in the well-bottom, which changes as a function of the adhesion of cells to the surface of the plate. A dimensionless value, the Cell Index (CI) is representative of these impedance changes. Using this system, macrophage adhesion—and therefore viability—was monitored in real-time. Plates were removed after 72 h of THP-1 macrophage differentiation for the addition of Mtb for infection. After each manipulation, plates were placed back in the RTCA apparatus for kinetic monitoring. The CI at every time point represents the mean of three biological replicates.



FVS 780 Live/Dead Assay

Plasma membrane permeability, an indicator of necrotic cell death, was determined using the BD Horizon™ Fixable Viability Stain 780 (FVS780) (BD Biosciences). Cell culture supernatants were collected to preserve detached cells. Cells were washed twice with PBS and TrypLE Express enzyme was added to wells. The plate was incubated at 37°C for 5 min to allow for thorough detachment of adherent cells. Harvested cells were washed twice with PBS and stained with BD Horizon™ Fixable Viability Stain 780 according to the manufacturer’s protocol. Flow cytometry analysis was then performed to quantify viable or dead cells.



Cell Titer-Glo Assay

Metabolic activity, proportional to the number of viable cells in each well, was determined using the Cell Titer-Glo Assay System according to the manufacturer’s protocol (Promega). At the indicated time points post-infection, equal volumes of Cell Titer-Glo reagent was added to the volume of cell culture supernatant present in each well. Contents were mixed for 2 min on an orbital shaker to induce cell lysis. Plates were then incubated for 10 min to stabilize luminescence signal. Resultant luminescence was measured with the Synergy™ H1 Hybrid Multi-Mode Reader using 96-well solid white plates and an integration time of 1 second per well.



Annexin V Assay

Cell culture supernatants were collected to preserve detached cells. Cells were washed with twice with PBS and TrypLE Express enzyme was added to the wells. The plate was incubated at 37°C for 5 min to allow for through detachment of adherent cells. Harvested cells were washed twice with PBS and stained with Annexin V conjugated to FITC (e-Biosciences, San Diego, CA) in combination with Fixable Viability Stain 780 according to the manufacturer’s protocol. Flow cytometric analysis was then used to quantify the amount of healthy (Annexin V-, FVS780-), apoptotic (Annexin V+, FVS780-), and necrotic cells (Annexin V-, FVS780+ and Annexin V+, FVS780+).



Lactate Dehydrogenase Assay  

The release of lactate dehydrogenase in culture supernatants, an indicator of necrotic cell death, was quantified using the CYQUANT LDH cytotoxicity detection kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. The assay was read using a Synergy H1 microplate reader at 490 nm with a wavelength correction at 680 nm.



Flow Cytometry

Select cell viability assays were analyzed by flow cytometric analysis using the CYTOFLEX (Beckman Coulter, Indianapolis, IN). Data analysis was performed using CytExpert software (Beckman Coulter) or FlowJo V10 software (BD Life Sciences, Ashland, OR). Flow cytometry was conducted to measure cell density and viability using scattering properties. 



Cytokine Profiling

Cytokine expression was measured in culture supernatants harvested from control and Mtb-infected THP-1 macrophages at 24 h post-infection. The Human ELISA kit (Invitrogen, Carlsbad, CA) was used according to the manufacturer’s instructions to measure the expression of TNF-α, IL-1β and IL-10. All samples were read using the Synergy™ H1 Hybrid Multi-Mode Reader at 450 nm.



Quantitative Real-Time PCR

RNA was isolated from THP-1 or RAW 264.7 macrophages using the Aurum Total RNA Mini Kit (Bio-Rad, Hercules, CA). cDNA was synthesized from 500 ng of total RNA. Gene expression of PTK2 or the reference gene was analysed by real-time PCR using primers designed as per MIQE guidelines (61) and Sso Advanced SYBR Green Supermix (Biorad) in a CFX96 Touch Real-Time PCR Detection system. The 2(-ΔΔCt) method (62) was used to determine relative gene expression as normalized to ACTB, and relative fold expression changes was normalized to uninfected macrophages (day 0) as 1.0. Oligonucleotide sequences used were as follows: human PTK2, 5’-TACAACGAGGGTGTCAAGCC-3’ and 5’- GCCCGTCACATTCTCGTACA-3’; mouse Ptk2, 5’-CGGACACATGCAGTCTCTGT-3’ and 5’-CGAGGGCATGGTGTATGTGT-3’; human ACTB, 5’-ATTGCCGACAGGATGCAGAA-3’ and 5’-GCTGATCCACATCTGCTGGAA-3’; mouse GAPDH, 5′-GGCAAATTCAACGGCACAGT-3′ and 5′-AGATGGTGATGGGCTTCCC-3′.



Immunoblot

Macrophages were harvested by centrifugation, washed once with PBS, and lysed in RIPA buffer (150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) containing protease and phosphatase inhibitors (Halt™ Protease and Phosphatase Inhibitor Cocktail, Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. Protein concentration of the lysates was determined using the RC DC™ Protein Assay kit (Bio-Rad) according to the manufacturer’s protocol. About 20 μg of protein per sample was separated via SDS-PAGE using hand cast gels (SureCast Gel Handcast System, Invitrogen, Carlsbad, CA) or pre-cast 4-20% gels (Mini-PROTEAN® TGX Gel, Bio-Rad) and subsequently transferred to a polyvinylidene difluoride (PVDF) membrane using a wet transfer system (Mini-PROTEAN® Tetra Vertical Electrophoresis Cell, BioRad). Western blot analysis was performed according to standard protocols. The Caspase-3 Control Cell Extracts (#9663) and the primary rabbit antibodies to FAK (#13009S), cleaved caspase 3 (#9661S), and total caspase 3 (#9665) were purchased from Cell Signalling Technology (Danvers, MA). Primary monoclonal mouse antibodies to GAPDH (GA1R) and Beta-tubulin (BT7R) were purchased from Invitrogen (Carlsbad, USA). A horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse polyclonal antibody (Bio-Rad) was used as the secondary antibody. Membranes were developed using the Clarity Western Enhanced Chemiluminescence Western Substrate (Bio-Rad, Hercules, CA). Imaging and densitometry analysis were performed with Image Quant LAS4000 and software (GE Healthcare Life Sciences, Cytiva).



Reactive Oxygen Species (ROS) Assay

Intracellular ROS was measured by labelling cells with 2’-7’Dichlorofluorescin diacetate DCFH-DA (Sigma Aldrich, UK) for 30 min at 37°C at the indicated time points post-infection. Stained cells were washed twice with PBS and fluorescence was measured at a wavelength of 485 nm/535 nm. Fluorescent images were taken using ZOE Fluorescent Cell Imager (Bio-Rad).



Statistical Analysis

Data are expressed as the mean ± the standard deviation of three independent biological replicates. Statistical analysis was performed using two-way Anova in all figures except for Figures 1B, D, where one-way Anova was performed. Values of p < 0.05 were considered significant (*p < 0.05, **p < 0.01, ***p <0.001, ns: non-significant). All statistical analyses were performed using Graph Pad Prism Version 9 (Graph Pad Prism Software, San Diego, CA).




Figure 1 | Mtb infection downregulates FAK expression. (A) THP-1 macrophages were infected with Mtb at a multiplicity of infection (MOI) of 10. Cell lysates were prepared at the indicated time points post-infection, and total FAK protein levels were analyzed by western blot. (B) PTK2 expression levels in THP-1 macrophages infected with Mtb as in (A) were quantified using qRT-PCR at the indicated days post infection. (C) RAW 264.7 cells were infected Mtb as in (A), and cell lysates were prepared at the indicated time post infection. Blots shown in (A, B) are representative of three independent experiments. Densitometry analysis of the blots was performed using Image Quant LAS 4000 software with intensities normalized to GAPDH. Relative fold change of total FAK levels was expressed relative to uninfected cells. (D) Ptk2 expression levels in RAW 264.7 macrophages were measured as in (B). qRT-PCR data were analysed using the ΔΔCT method normalizing to (B) ACTB or (D) GAPDH as a reference gene, and fold change is expressed relative to uninfected cells. qRT-PCR data represent the mean of three replicates. ***p < 0.001.






Results


Mtb Downregulates FAK in Macrophages During Infection

While a role for FAK has been reported in the control of different bacterial infections such as Escherichia coli and Staphylococcus aureus (54, 55), there are no studies examining its role in the innate immune response to Mtb infection. Using an antibody-based proteomic approach, we had previously found that FAK is dysregulated in persistently Mtb-infected macrophages and in macrophages engineered to overexpress a pro-survival host phosphatase PPM1A, which plays a key role in the antibacterial response to Mtb infection (30, 31). As such, we first sought to examine whether Mtb infection alters the expression of FAK, with the subsequent goal of determining whether FAK plays a role in the control of host cell death during Mtb infection. To address these questions, we primarily used the human THP-1 monocyte/macrophage cell line, as it is widely used to study the cellular immune response to Mtb infection (63) due to immunological and functional similarities that mimic properties of primary human macrophages (64). For infection experiments, the Mtb H37Rv derived auxotroph strain mc26206 was used due to its advantage in being approved for use in biosafety level (BSL) 2 facilities. Importantly, Mtb mc26206 retains all virulence factors produced by virulent strains and possesses similar in vitro and intra-macrophage replication rates, similar responses to TB antibiotics, and whole genome sequence conservation when compared to its parent H37Rv strain (65). Total levels of FAK protein were assessed by western blot analysis in THP-1 macrophages that were infected with Mtb for a period of 4 days. By 24 hours post-infection, total FAK protein levels were two-fold lower compared to uninfected macrophages. FAK protein expression continued to decline with the length of infection, reaching a level of ~25% relative to wild type control cells (Figure 1A). We further determined that the decrease in FAK protein levels during Mtb infection occurs at the level of transcription as qRT-PCR analysis showed that mRNA transcript levels of PTK2, the gene encoding for FAK, decreased in a similar manner over the course of infection (Figure 1B). The time-dependent reduction in FAK protein as well as mRNA expression levels was recapitulated in Mtb-infected RAW 264.7 cells (Figures 1C, D), a murine macrophage cell line routinely used in Mtb studies (66). Our data show that Mtb disrupts FAK expression early after infection, suggesting a role for this kinase in host immunity to TB.



Modulation of FAK by Pharmacological Inhibition and Genetic Overexpression in Human and Mouse Macrophages 

Given that FAK protein levels are downregulated during Mtb infection, we sought to address whether modulation of FAK affects the antibacterial response of macrophages. To study the role of FAK in the macrophage antibacterial response, we first attempted to genetically modify THP-1 cells to overexpress or delete FAK. We successfully overexpressed FAK in THP-1 cells using a retroviral expression vector encoding the PTK2 gene. The resulting FAK cell line (THP-FAK+) produced 40-fold higher expression of FAK compared to control THP-1 cells (Figure 2A). Given the high levels of ectopically expressed FAK, we questioned whether Mtb infection of the FAK overexpressing macrophages would still result in detectable downregulation of FAK. Like wild-type macrophages, FAK protein levels were indeed reduced to 17% - 37% over a 4-day infection period relative to uninfected FAK+ macrophages (Figure 2B). The magnitude of decrease in FAK protein levels indicated that Mtb infection can modulate ectopically expressed FAK even though it is under the control of a constitutive promoter. While the mechanism for this remains unclear, FAK+ cells still produce higher levels of FAK compared to wild-type macrophages during Mtb infection; however, FAK protein levels in FAK+ macrophage during Mtb infection appear physiologically relevant. Attempts to knockout FAK in THP-1 cells using CRISPR/Cas9 genome-editing were unsuccessful despite using six different single guide RNA sequences that targeted different regions of the early exons in the PTK2 gene. The inability to produce a full knockout of FAK may be consistent with earlier reports that showed whole-body deletions of FAK in mice resulted in embryonic lethality, suggesting an essential role for FAK in cells during development (67).




Figure 2 | Genetic overexpression and pharmacological inhibition of FAK. (A) Total FAK protein levels in cell lysates of THP-1 and THP-1 cells stably overexpressing FAK (THP-FAK+) were analyzed by western blot. (B) THP-FAK+ macrophages were infected with Mtb at an MOI of 10 and cell lysates were prepared at indicated time points, and analysed by western blot. Blots shown in (A, B) are representative of three independent experiments. Densitometry analysis of the blots were performed using Image Quant LAS 4000 software with intensities normalized to GAPDH. Relative fold change of total FAK levels was expressed relative to THP-1 cells (A) and uninfected THP-FAK+ cells (B). (C, D) THP-1 macrophages were treated with varying concentrations of PF-573-228 for 5 days, and (C) representative phase-contrast microscopy (20x objective) images are shown along with (D) quantification of cell viability using the resazurin assay. (E, F) RAW 264.7 macrophages were treated with varying concentrations of PF-562-271 for 5 days, and (E) representative phase-contrast microscopy (20x objective) images are shown along with (F) quantification of cell viability using the resazurin assay. Images are representative of 3 visual fields for each inhibitor concentration. Relative viability is normalized to untreated control cells as 100%. Error bars represent the mean ± SD of three independent biological replicates. Scale bar, 100 μm.



To overcome this problem, we opted for an alternative approach by using pharmacological inhibitors of FAK. PF-573-228, produced by Pfizer Inc (68)., was selected for our study as it is the most successful FAK inhibitor used for in vitro studies (69). PF-573-228 is a selective, ATP-competitive inhibitor that prevents FAK autophosphorylation at tyrosine 397 (Y397) (69). PF-573-228 is the parent compound of FAK-directed drugs (VS-6062) that are currently under clinical evaluation by Verastem. VS-6062 has completed the phase 1 clinical trial in which the primary objective was to determine safety, pharmacokinetics, and pharmacodynamics in patients with advanced malignancies (68). Given that compounds can present cytotoxicity and non-specific effects, it was important to first titrate the compounds to assess cytotoxicity and to select an optimal concentration that minimizes non-specific effects. THP-1 macrophages were treated with various concentrations of the FAK inhibitor, PF-573-228 for 5 days. Macrophage morphology and metabolic activity were then evaluated using microscopy and resazurin cell viability assays, respectively. The morphology of THP-1 macrophages was not affected by FAK inhibitor treatment at concentrations up to 3 µM, since macrophages exhibited the flattened, pancake-like morphology indicative of healthy macrophages (Figure 2C). However, THP-1 macrophages were more sensitive to higher doses of FAK inhibitor treatment (10 µM and 30 µM), which resulted in extensive cell death with features such as cell shrinkage, detachment, and formation of apoptotic bodies (Figure 2C). Consistent with the microscopy, resazaurin viability assays demonstrated that there were no differences in the viability of macrophages treated with concentrations of FAK inhibitor ranging from 0.3-3 μM (Figure 2D). However, PF-573-228 was highly cytotoxic at doses higher than 3 μM, which significantly lowered the viability of macrophages (Figure 2D). These findings indicate that treatment with 3 μM or less of PF-573-228 does not detrimentally affect THP-1 macrophage morphology or viability. Our data are consistent with a previous study showing that PF-573-228 inhibits FAK kinase activity at concentrations between 0.3 μM to 30 μM in human macrophages and cancer cells (69), and as such, 3 μM was selected as the optimal dose of PF-573-228 for human cell culture-based experiments. Given that FAK expression in Mtb-infected mouse macrophages mirrors that of human THP-1 macrophages (Figures 1A–D), we also searched for a suitable FAK inhibitor for mouse cells, which resulted in the selection of PF-562-271 (70). PF-562-271 is a methane sulphonamide diaminopyrimidine developed by Pfizer (68). A second generation of this inhibitor named VS-6063 (defactinib) is currently in phase I and II clinical trials for the treatment of various cancers in combination with immunotherapies and other small molecule inhibitors (71). The potential cytotoxicity of the mouse-specific FAK inhibitor PF-562-271 was assessed on RAW 264.7 cells (Figure 2E). Morphology of RAW 264.7 cells was not affected at concentrations up to 1 μM (Figure 2E). However, evidence of hypertrophy and cytotoxicity was observed at concentrations of 3 and 10 μM, as indicated by enlarged and stretched cells, and excessive cell shrinkage and debris formation, respectively (Figure 2E). Consistent with these findings, the viability of PF-562-271-treated RAW 264.7 cells remained comparable to control cells up to a concentration of 1 µM, which was chosen as the optimal dose of FAK inhibitor for subsequent murine cell culture-based assays (Figure 2F).



Modulation of FAK Alters the Immunological Profile of Macrophages During Mtb Infection

To determine if FAK regulates the macrophage antibacterial response to Mtb infection, we examined the effect of FAK expression on cytokine production. THP-1, THP-FAKi (THP-1 treated with FAK inhibitor) and THP-FAK+ (THP-1 overexpressing FAK) macrophages were infected with Mtb and culture supernatants were collected at 24 hours post-infection to quantify the levels of TNF-α, IL-1β and IL-10 using the solid-phase sandwich ELISA. Baseline (uninfected) levels of proinflammatory cytokines, TNF-α and IL-1β were observed in culture supernatants of THP-1 and THP-FAKi macrophages, but were significantly lower in THP-FAK+ macrophages (Figures 3A, B). Inhibition of FAK in THP-1 macrophages increased production of TNF-α (Figure 3A) and IL-1β (Figure 3B) upon infection with Mtb compared to control THP-1 macrophages, whereas FAK overexpression blocked the production of TNF-α (Figure 3A) and IL-1β (Figure 3B). In contrast, baseline (uninfected) levels of IL-10 were below the limit of detection in all three cell lines and induced upon infection. While FAK inhibition significantly reduced IL-10 levels, overexpression of FAK increased IL-10 production in Mtb-infected macrophages (Figure 3C). Although TNF-α and IL-1β are crucial for the inflammatory response against Mtb, excess levels are linked to macrophage cell death, thereby promoting hyperinflammation, persistent lung damage, and subsequent failure to clear the bacteria (6). While certain anti-inflammatory mediators such as IL-10 could pose detrimental roles during TB pathogenesis, they could also be beneficial depending on the timing of their deployment (72). Hence, our data suggest increased inflammation associated with FAK inhibition and decreased inflammation with increasing levels of FAK. These observations support a role for FAK in the inflammatory response to Mtb infection and possibly a function in the regulation of macrophage cell death.




Figure 3 | FAK expression alters cytokine production by macrophages infected with Mtb. THP-1, THP-FAKi and THP-FAK+ macrophages were infected with Mtb at an MOI of 10 and cell culture supernatants were collected at 24 hours post-infection. Production of (A) TNF-α (B) IL-1β (C) IL-10 were measured in cell culture supernatants using a human ELISA assay kit. Error bars represent the mean ± SD of three independent biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001.





FAK Blocks Mtb-Induced Cell Death in Macrophages

Our cytokine profile data provided valuable insight into the possible function of FAK in the control of macrophage cell death, and we hypothesized that Mtb exploits FAK to control the mode of host cell death. To determine the role of FAK on macrophage cell death, we used the xCELLigence Real-Time Cell Analysis (RTCA) instrument, which quantifies the viability of adherent cells over time (73). The RTCA system allows for label-free and dynamic monitoring of cellular phenotypic changes in real-time using impedance as a readout. Changes in impedance between electrodes at the bottom of E-well plates are then translated into a Cell Index (CI) value, providing quantitative information about the biological status of the cells. An increase in CI reflects an increase in macrophage adherence or viability, whereas its decrease reflects a loss of macrophage viability as they detach from the bottom of the well (30). THP-1, THP-FAKi, and THP-FAK+ macrophages were infected with Mtb and macrophage viability was monitored using RTCA over a period of 5 days post-infection. RTCA analysis showed that inhibition of FAK triggered increased cell death in Mtb-infected macrophages compared to control THP-1 macrophages, while overexpression of FAK completely blocked macrophage cell death (Figure 4A). These findings highlight a role of FAK expression in the control of macrophage cell death during Mtb infection. Results from the RTCA assay were confirmed using the Cell Titer-Glo assay, which measures metabolic activity of macrophages based on the levels of ATP present in the cells. The Cell Titer-Glo assay measures relative levels of cell death as indicated by a dose-dependent loss in luminescence signal from macrophages in response to treatment with increasing concentrations of sanguinarine, a cytotoxic compound (74) (Figure S1). Consistent with the RTCA data, inhibition of FAK significantly decreased the metabolic activity of Mtb-infected macrophages by 23% compared to control macrophages at day 6 post-infection (Figure 4B). In addition, Mtb-infected THP-FAK+ macrophages showed a 24% and 30% increase in ATP content compared to control macrophages at days 4 and 6 post-infection, respectively (Figure 4B). Indeed, inhibition of FAK in both primary BMDMs (Figure 4C) and RAW 264.7 macrophages (Figure 4D) resulted in decreased cell viability during Mtb infection compared to untreated control macrophages. Collectively, our data suggest that FAK functions to restrict host macrophage cell death during Mtb infection, which is consistent with the reduced production of TNF-α and IL-1β in macrophages overexpressing FAK.




Figure 4 | FAK is required to block cell death of Mtb-infected macrophages. (A) THP-1, THP-FAKi and THP-FAK+ macrophages were infected with Mtb at an MOI of 10, after which changes in adherence (viability) were monitored by RTCA as indicated by the Cell Index (CI). CI was measured continuously every hour for 120 hours post-infection. The data represent the mean of three independent biological replicates. (B) THP-1, THP-FAKi, THP-FAK+ macrophages, (C) mBMDMs, and (D) RAW 264.7 cells were infected with Mtb at an MOI of 10 and cell viability was quantified using Cell Titer-Glo (measured as Relative Luminescence Units, RLU). Data in (C, D) represent 4 days post-infection. (E) THP-1, THP-FAKi, and THP-FAK+ macrophages were infected with Mtb at an MOI of 10, and at the indicated time points post-infection, cells were stained with Fixable Viability Stain (FVS780) dye and analyzed using flow cytometry to measure the percentage of viable cells. Error bars represent the mean ± SD of three independent biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001.



However, since the Cell Titer-Glo viability assay does not provide information on the mode of cell death, we turned to the amine-binding live/dead cell viability assay (FSV780) to examine whether plasma membrane damage occurred alongside the cell death observed in Figures 4A–D. THP-1, THP-FAKi, and THP-FAK+ macrophages were infected with Mtb over a 6-day period, and cell viability was assessed using FSV780. Consistent with results from the other two cell viability assays (Figures 4A–D), FSV780 staining showed that inhibition of FAK significantly decreased the viability of Mtb-infected macrophages at days 4 and 6 post-infection, whereas increased FAK expression significantly reduced macrophage cell death (Figure 4E). These results demonstrate the presence of plasma membrane damage during Mtb-induced cell death, which suggests that FAK may regulate a necrotic form of cell death during Mtb infection. Given that necrotic cell death is usually associated with increased inflammation, such a hypothesis would be consistent with the increased production of inflammatory cytokines observed when FAK is inhibited (Figure 3).



FAK Mediates a Necroptotic Form of Cell Death During Mtb Infection

To determine the specific mode of cell death controlled by the dysregulation of FAK during Mtb infection, we first assessed apoptosis since FAK is best characterized for its control of apoptosis in cancer (49). Using western blotting, we evaluated the expression of cleaved caspase 3, a reliable marker for apoptosis, in Mtb-infected THP-1, THP-FAKi, and THP-FAK+ macrophages for up to 6 days post-infection. No cleaved caspase 3 could be detected in uninfected or Mtb-infected THP-1 cells, which is consistent with the established paradigm that Mtb actively blocks apoptosis (Figures 5A and S2). Importantly, despite increasing cell death of infected macrophages (Figure 4), inhibition of FAK did not lead to any detectable cleaved caspase 3 (Figure 5A). Western blot results were confirmed using an Annexin V binding assay, which measures early apoptotic events in combination with a plasma membrane permeability dye that excludes necrotic forms of cell death. We observed low and comparable levels of Annexin V-positive cells that also maintained an intact plasma membrane across all three THP-1 cell types, indicating that only minimal levels of apoptosis are occurring in these infection conditions (Figure 5B).




Figure 5 | FAK controls necroptotic cell death in macrophages during Mtb infection. (A) THP-1, THP-FAKi, and THP-FAK+ macrophages were infected with Mtb at an MOI of 10, and cell lysates were prepared at the indicated days post-infection (d.p.i.). Total and cleaved caspase 3, and total FAK protein levels were analyzed by western blotting. Non-infected THP-1 cell lysates were used as a negative control for caspase 3 activation, while lysates containing cleaved caspase-3 (#9663, Cell Signaling Technologies) were used as a positive control. β-tubulin was used as loading control. (B) THP-1, THP-FAKi, and THP-FAK+ macrophages were infected as in (A) and at the indicated days post-infection, cells were stained with annexin V and FVS780. Stained cells were analyzed by flow cytometry to quantify the percentage of healthy, apoptotic, and necrotic cells as described in the Methods. (C) THP-1, THP-FAKi, and THP-FAK+ macrophages were infected with Mtb at an MOI of 10, and lactate dehydrogenase (LDH) released in culture supernatants were assessed using the CYQUANT LDH kit at indicated days post-infection. The amount of LDH in the supernatant is proportional to the measured absorbance at 490 nm. (D) THP-1, THP-FAKi and THP-FAK+ macrophages were mock treated or pre-treated with 1 µg/ml LPS for 4 h, followed by treatment with 5 µM nigericin for 24 h Macrophage viability was assessed using the Cell Titre-Glo assay. (E–G) THP-1, THP-FAKi, and/or THP-FAK+ macrophages were mock treated or pre-treated with (E) necrostatin-1s (Nec-1s, 10 µM), (F) GSK-872 (5 µM), or (G) necrosulfonamide (NSA, 10 µM) for 24 h Cells were then infected with Mtb at an MOI of 10 for 6 days, and cell viability was assessed using the Cell Titer-Glo assay. Error bars represent the mean ± SD of three independent biological replicates. *p < 0.05, ***p < 0.001, ns, non-significant.



After ruling out apoptosis as a mechanism regulated by FAK during Mtb infection, we next used the lactate dehydrogenase (LDH) assay to determine whether FAK regulates a necrotic form of cell death. The LDH assay is a well-established method of detecting necrotic cell death, since it measures cellular plasma membrane damage by the release of LDH enzyme into the culture medium. Inhibition of FAK significantly increased LDH release in Mtb-infected macrophages over a time-course of 6 days (Figure 5C), whereas FAK overexpressing macrophages showed decreased levels of LDH in culture supernatants compared to control macrophages (Figure 5C). The effect of FAK inhibition on LDH release was also confirmed in RAW 264.7 macrophages (Figure S3). Taken together, these findings support our hypothesis that FAK regulates a form of necrotic cell death during Mtb infection.

The two most common modes of necrotic cell death are necroptosis and pyroptosis, both of which have been implicated in TB pathogenesis (18). Our data supports that one of these pathways could be regulated by FAK given the dysregulation in TNF-α and IL-1β levels when FAK expression is modulated. Interestingly, induction of pyroptosis by activation of the inflammasome using LPS and nigericin (75) did not trigger differences in IL-1β production by THP-1 or THP-FAKi macrophages (Figure 5D). Surprisingly, FAK+ macrophages had increased sensitivity to chemical induction of pyroptosis, as indicated by increased production of IL-1β (Figure 5D). Together, these results indicate that inhibition of FAK does not affect inflammasome activation, and that FAK may instead promote pyroptosis when overexpressed to high levels.

To determine whether FAK instead regulates a necroptotic form of cell death during Mtb infection, we used a panel of specific inhibitors that target receptor activating protein kinase-1, -3 (RIPK1, RIPK3) and mixed lineage kinase domain-like protein (MLKL), which together form the signaling cascade and complex that leads to necroptotic cell death (76, 77). Consistent with our previous cell death assays, inhibition of FAK significantly increased cell death of Mtb-infected macrophages as indicated by reduced metabolic activity (Figures 5E–G and S4). In contrast, Mtb-infected THP-FAK+ macrophages showed increased metabolic activity, and therefore viability, compared to control cells (Figures 5E–G and S4). Importantly, treatment with necrostatin-1 (nec-1) (78) (Figure S4) or GSK-872 (79) (Figure 5F), inhibitors of RIPK1 and RIPK3, respectively, reversed the effects of FAK inhibition and restored cell viability to levels comparable to control macrophages. Necrostatin-1 activity has been associated with inhibition of other targets such as human IDO and T cell receptor signalling. To rule out any off-target effect with Nec-1, we repeated the experiment with a more specific inhibitor of RIPK1, necrostatin-1s (80). Treatment with nec-1s produced consistent results with that of nec-1 and showed that inhibition of RIPK1 can restore cell health of FAK inhibited macrophages during Mtb infection (Figure 5E). Given that MLKL is the terminal protein in the induction of necroptotic cell death, we examined whether inhibition of MLKL would also be able to restore cell viability during Mtb infection of FAKi macrophages. We demonstrate that inhibition of MLKL with necrosulfonamide (NSA) (77), resulted in a partial but significant restoration in the cell viability of FAKi macrophages infected with Mtb (Figure 5G). Collectively, our data suggest that FAK controls a RIPK1-RIPK3-MLKL-dependent signaling axis to regulate cell death during Mtb infection, and that RIPK1 may play a larger role in the mechanism compared to RIPK3 or MLKL.



FAK Expression Restricts the Intracellular Survival of Mtb

The induction of necrotic-like modes of cell death results in enhanced bacterial replication and disease progression (40). Since our results indicate that FAK has host-protective functions in the anti-Mtb response by restricting macrophage necroptosis, we sought to determine whether FAK is important in limiting Mtb burden in macrophages. Prior to assessing the effect of modulating FAK on intracellular Mtb burden, we showed that the FAK inhibitors, PF-573-228 and PF-562-271 (Figure 6A), do not affect Mtb viability or replication, which alleviates any concerns that the inhibitor itself can directly influence Mtb survival.




Figure 6 | Expression of FAK controls Mtb survival. (A) Mtb was treated with the indicated concentrations of FAK inhibitors (in the absence of macrophages), PF-573-228 and PF-562-271, for 5 days, after which Mtb growth was assessed using the resazurin viability assay. Relative viability was normalized to 100% using untreated controls. (B) THP-1, THP-FAKi, and THP-FAK+ macrophages, or (C) RAW 264.7 and RAW 264.7-FAKi macrophages were infected with Mtb-luciferase at an MOI of 10 for 6 days. Infected macrophages were lysed at the indicated time points post-infection and the resultant luminescence signal (RLU) was measured as a proxy for the relative number of viable of Mtb. (D, E) THP-1 macrophages were mock treated or pre-treated with (D) 30 µM necrostatin-1 or (E) 5 µM GSK-872 for 24 h, and subsequently infected as in (B). Infected macrophages were lysed at the indicated time points post-infection, and the resultant luminescence signal (RLU) was measured as a proxy for the relative number of viable of Mtb. Error bars represent the mean ± SD of three independent biological replicates. **p < 0.01, ***p < 0.001.



An Mtb reporter strain expressing firefly luciferase was used to perform luminescence-based infection assays to address whether FAK is required to control the intracellular survival of Mtb. Multiple studies from our lab and others support that the luciferase expression systems in Mycobacteria are strongly correlative with traditional colony forming unit (CFU) plating assays, and that luminescence (measured in Relative Light Units, RLU) maintains a linear relationship with CFU over several orders of magnitude, including within infected macrophages (60, 81, 82). THP-1 macrophages were infected with luciferase-expressing Mtb for 6 days, and the intracellular bacterial burden was measured at the indicated time points. Inhibition of FAK resulted in uncontrolled replication of Mtb (Figure 6B), whereas overexpression of FAK reduced the bacillary load in a time-dependent manner (Figure 6B) compared to THP-1 macrophages. Consistent with comparable cell death data between murine macrophages and THP-1 cells, a similar trend was observed in RAW 264.7 cells, wherein FAK inhibition resulted in increased Mtb replication (Figure 6C).

Importantly, treatment of macrophages with nec-1 (Figure 6D), significantly decreased the Mtb burden in FAK inhibited macrophages. A similar but smaller effect was observed with GSK-872 (Figure 6E). The ability of these inhibitors to prevent necroptotic cell death (Figures 5E–G), thereby resulting in decreased Mtb burden, suggests that the function of FAK in host cell necroptosis is responsible for the uncontrolled Mtb replication observed in Figures 6B, C. Taken together, these data suggest that FAK expression blocks necroptotic cell death of macrophages to restrict Mtb growth and survival.



FAK Expression Promotes ROS Production to Control Mtb Infection

Since lack of cell death is not by itself a direct antibacterial response, we sought to identify alternative mechanisms/pathways that would explain the increased ability of FAK overexpression macrophages to restrict intracellular Mtb survival. Host cells use antibacterial mechanisms such as increased induction of ROS and reactive nitrogen intermediates (RNI) to control Mtb growth and survival (6, 26). Interestingly, studies have reported that FAK plays a crucial role in NADPH oxidase-dependent ROS production to reduce the survival of Escherichia. coli in neutrophils (83). To determine whether FAK regulates ROS production to control Mtb survival, THP-1, THP-FAKi and THP-FAK+ macrophages were infected with Mtb and production of ROS was measured using the DCFH-DA probe at the indicated time points. Overexpression of FAK increased production of ROS in Mtb-infected macrophages compared to wild type macrophages, whereas inhibition of FAK dampened ROS production as demonstrated by the intensity of ROS staining visualized with immunofluorescence microscopy (Figure 7A) and quantified with multi-mode plate reader (Figure 7B). The same observation was confirmed in RAW 264.7 macrophages as inhibition of FAK decreased ROS production during Mtb infection (Figure 7C). This result suggests that production of ROS may be another antibacterial pathway regulated by FAK to control Mtb survival. To evaluate whether the production of ROS is directly responsible for improved control of Mtb by FAK+ macrophages, we evaluated Mtb survival in THP-1 and THP-FAK+ macrophages in the presence of antioxidants. Treatment of cells with N-acetyl-cysteine (NAC) restored the intracellular survival of Mtb in FAK overexpressing macrophages to levels of wild-type THP-1 macrophages (Figure 7D). To account for the possibility that this restoration could be the result of anti-Mtb properties of NAC (84), we confirmed our finding with another inhibitor of ROS production, GSK2795039 (85), which inhibits NOX2. Treatment of macrophages with GSK2795039 also restored Mtb survival in FAK+ macrophages (Figure 7D). Interestingly, the impact of FAK on ROS production is independent of cell death, since we observed no significant differences in ROS production between necrostatin-1-treated and untreated macrophages (Figure 7E). As such, there appears to be no direct association between ROS production and cell death mediated by FAK. Collectively, our data establishes FAK as an important host-protective kinase that is exploited by Mtb to induce necrotic cell death and suppress ROS production, thereby promoting bacterial survival.




Figure 7 | Expression of FAK induces production of ROS to control Mtb infection. (A) THP-1, THP-FAKi, and THP-FAK+ macrophages were infected with Mtb-tdTomato (red signal) for 6 days, after which cells were stained with DCFH-DA (5 μM, green signal) for 30 minutes at 37°C. Representative Bright Field and fluorescence images of uninfected and Mtb-infected (red) macrophages (green, ROS), are shown using a 20x objective. Scale bar, 100 μm. (B) THP-1 macrophages were infected and stained with DCFH-DA as in (A) and the amount of ROS production was quantified at the indicated time points post-infection using a fluorescence plate reader at 485 nm/535 nm. (C) RAW 264.7 macrophages were infected and stained as in (A) and the amount of ROS production was quantified at day 6 post-infection. (D) THP-1 and THP-FAK+ macrophage were pre-treated with 10 mM N-acetyl-cysteine (NAC) or 25 µM GSK2795039 for 24 h and then infected with Mtb-luciferase at an MOI of 10. Infected macrophages were lysed at day 6 post-infection and the resultant luminescence signal was measured as a proxy for the relative number of viable of Mtb. RLU signals were normalised to mock treated THP-1 cells as 100% and depicted as % Mtb survival. (E) THP-1, THP-FAKi, and THP-FAK+ macrophages were mock treated or pre-treated with 30 µM necrostatin-1 for 24 h, after which cells were infected with Mtb at MOI of 10. At indicated time points post-infection, infected macrophages were stained with DCFH-DA as in (A) and fluorescence signals for ROS production was measured. Error bars represent the mean ± SD of three independent biological replicates. *p < 0.05, ***p < 0.001.






Discussion

In this study, we demonstrate that Mtb infection suppresses FAK expression in macrophages in a time-dependent manner (Figure 1). Since a canonical function of FAK is to regulate the survival of adherent cells (86, 87), downregulation of its expression during Mtb infection could be a strategy employed by the bacteria to induce macrophage cell death and disable the antibacterial response. With this observation, we had anticipated that FAK may have host-protective functions to aid in Mtb clearance. However, this phenomenon was not initially supported by our cytokine profile data, since FAK enhanced the production of anti-inflammatory IL-10 (Figure 3C) while inhibition of FAK promoted the production of proinflammatory cytokines TNF-α (Figure 3A) and IL-1β (Figure 3B) in Mtb-infected macrophages. These results conflict with findings from studies conducted in vascular (88) and aortic inflammation (89), where FAK mediates the increased production of proinflammatory cytokines, TNF-α and IL-1β, to control macrophage behaviour. However, the context of vascular and aortic inflammation is different than that of bacterial infections, where the role of FAK in inflammation has not been explored. Consistent with our data, FAK plays an immunomodulatory role in mediating COX2 mechanoresponse to suppress TNF-α production in bone marrow mesenchymal stromal cells (90). IL-10 is generally associated with increased Mtb burden (91–94). However, IL-10 also provides a host-protective role in restraining hyperinflammation to prevent excessive tissue damage during specific phases of TB disease (93, 95). In contrast, TNF-α and IL-1β are generally considered to be essential for the control of TB infection; however, excess levels can be detrimental to the host by causing macrophage cell death and subsequent hyperinflammation (26). Taken together, our findings suggest that FAK is associated with reduced inflammation during TB infection, whereas inhibition of FAK increases inflammation. While it may seem counter-intuitive for Mtb to trigger increased inflammation via downregulation of FAK, a probable explanation is that the increased inflammation could be a result of necrotic cell death that is known to be induced by Mtb (96, 97).

Indeed, our data demonstrate that FAK is essential for controlling cell death during Mtb infection as measured by multiple parameters of macrophage health, including adherence, metabolic activity, and plasma membrane integrity (Figures 4A–E). Our observation that inhibition of FAK results in increased cell death of Mtb-infected macrophages was expected given the established role of FAK in the dynamic regulation of integrin-based adhesion and the actin cytoskeleton, which is crucial for the control of cell survival (98). FAK also modulates the life span of other cell types such as neutrophils, where deletion of FAK impairs fibronectin- and ICAM-1-based adhesion, leading to spontaneous cell death (83). As such, macrophages with reduced FAK expression during Mtb infection may experience similar disruptions in adhesion, thus triggering the activation of cell death programs. In addition, our observation that overexpression of FAK can inhibit cell death during Mtb infection is consistent with studies in which increased expression of FAK blocks cell death to increase survival and migration of cancer (99) and endothelial cells (100).

Given that different modes of cell death have different effects on host immunity against bacterial infections, particularly in TB wherein both acute and chronic phases of infection exist, we wanted to address the specific mode of death regulated by FAK during Mtb infection. We had originally anticipated that FAK may regulate apoptosis in macrophages during Mtb infection, since FAK is known to modulate apoptosis in a wide range of cancers (49, 51). Unexpectedly, our data show that apoptosis is not the mode of cell death regulated by FAK (Figures 5A, B). Other reports have highlighted that excess production of TNF-α and IL-1β trigger necrosis of Mtb-infected macrophages through the production of mitochondrial ROS and the participation of cyclophilin D, a component of the mitochondrial permeability transition pore (41, 101). Indeed, using chemical inhibitors of necroptosis, our data suggest a new role for FAK in the regulation of necroptosis during Mtb infection (Figure 5), which is consistent with the increased production of TNF-α and IL-1β (Figures 3A, B), increased plasma membrane damage (Figure 4E), and increased release of LDH (Figure 5C and Figure S3). Considering that Mtb is known to induce necrotic forms of cell death while suppressing apoptosis (19, 25), our data indicate that Mtb exploits the downregulation of FAK to induce necroptosis during infection. Interestingly, our data indicate that RIPK1 plays a more important role than RIPK3 and MLKL in FAK-mediated cell death during Mtb infection. While inhibition of RIPK3 or MLKL only partially restored cell death or Mtb survival in FAKi treated macrophages, inhibition of RIPK1 almost completely restored the phenotype to that of wild-type cells (Figures 5E–G and 6D–E). While RIPK3 and MLKL are almost exclusively associated with necroptotic cell death, RIPK1 is known to play roles in not only necroptosis but also apoptosis and pyroptosis (102, 103). Our data show that FAK does not contribute to apoptosis or pyroptosis; however, our experiments in the context of pyroptosis relied on chemical activation of inflammasome, which may be entirely different when compared to bacterial infection. As such, our results do not completely exclude the role of FAK in a pyroptosis during Mtb infection, nor other necrotic forms of cell death that are dependent on RIPK1.

The type of cell death largely influences TB disease progression and the outcome of infection since macrophages provide a protective intracellular niche for the bacteria to persist and replicate. Host cell apoptosis is associated with a significant decrease in intracellular Mtb growth (30), whereas necrotic cell death is detrimental to the control of Mtb burden as increased bacterial burden eventually leads to spread of the bacteria to the extracellular milieu (40, 96). We observed that FAK inhibition in human macrophages leads to uncontrolled replication of Mtb, whereas overexpression of FAK limits the intracellular survival of Mtb in macrophages (Figures 6B, C). These data support a role for FAK as an important host signaling protein during Mtb infection that blocks necrotic cell death and restricts the survival of Mtb. In addition, our data show an antibacterial effect associated with increased FAK expression, which is consistent with a previous report in a mouse peritonitis model where FAK expression increased the capability of neutrophils to kill Escherichia coli (83). On the other hand, our work also contradicts findings where FAK uses a plethora of cellular signalling networks and mechanisms to favour the attachment, entry and replication of extracellular microorganisms ranging from bacteria (54, 55), viruses (104, 105) and fungi (106) in host target cells. These disparate findings on the role of FAK during infection by various pathogens suggest that this kinase participates in both host-protective and host-detrimental functions, likely through differing cellular mechanisms in response to different pathogens. Based on our results in the context of Mtb infection, we speculate that increased FAK expression may be required to control the survival of intracellular pathogens in host macrophages.

While increased necrosis has been associated with increased Mtb survival, it remains unknown whether this is the direct result of the cell death or if other processes play a role to enhance bacterial killing. This question was compelling when considering the mechanism of how FAK overexpression results in reduced Mtb survival relative to control macrophages (Figures 6B, C). To eliminate Mtb during infection, host cells trigger a range of antibacterial responses, including increased induction of ROS (6), RNI (26), phagosome maturation (107), autophagy (10), and efferocytosis (108). Our data suggest a new role for FAK in the generation of ROS to control intracellular Mtb survival (Figures 7A, B). Inhibition of NOX2 or scavenging of ROS restored the intracellular survival of Mtb in FAK+ macrophages, further supporting a direct antibacterial effect of FAK-mediated ROS production (Figure 7D). Although ROS production is important for host resistance against Mtb, excess ROS leads to oxidative stress and concomitant necrosis. However, it is surprising how enhanced production of ROS by FAK expression did not exacerbate necrosis, indicating that tolerable levels of ROS are produced to eliminate the pathogen without damaging the host macrophage. We show that expression of FAK is required for full macrophage bacterial killing capacity, consistent with our finding that FAK inhibition disrupts bactericidal processes such as NADPH oxidase-mediated superoxide production (Figure 7). Importantly, this phenomenon is also observed in FAK-deficient neutrophils in the context of Escherichia coli infection (83), highlighting the relevance of FAK as a key regulator in ROS production. Studies have also shown that proteins of the extracellular matrix, including FAK-activated Rho GTPases, participate in ROS production through mitochondrial engagement (109). Interestingly, our work showed no link between ROS production and cell death mediated by FAK (Figure 7E), suggesting that FAK-mediated regulation of cell death and ROS production rely on two distinct pathways. The exact mechanisms by which FAK controls necrosis remains to be uncovered. Since nuclear FAK interacts with both p53 and the E3 ubiquitin ligase Mdm2, leading to p53 degradation and the suppression of apoptosis (110), identifying the subcellular localization of FAK during Mtb infection may provide insight into the mechanism by which FAK regulates macrophage necrosis. Ultimately, it will be important to corroborate our in vitro findings with in vivo models, as this will establish physiological relevance for the role of FAK in the host immune response to TB.

Overall, our study reveals an important role for FAK as a host-protective protein during Mtb infection that blocks necrotic cell death and induces ROS production, which are required to restrict the survival of Mtb. Importantly, we have demonstrated that pharmacological inhibition of FAK is detrimental to host macrophages during Mtb infection, whereas genetic overexpression of FAK restricts Mtb survival. As such, our findings suggest that targeting FAK using activators such as phosphatidylinositol 4,5-bisphosphate (111) could be a desirable strategy for HDT against Mtb infection. Since FAK expression decreases inflammation, activators of FAK could also prevent long-term lung pathology in TB patients. The usage of such pharmacological agents for TB HDT could have important clinical implications by improving the anti-TB immune responses to facilitate pathogen clearance.
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Tuberculosis (TB) is a devastating infectious disease that kills over a million people every year. There is an increasing burden of multi drug resistance (MDR) and extensively drug resistance (XDR) TB. New and improved therapies are urgently needed to overcome the limitations of current treatment. The causative agent, Mycobacterium tuberculosis (Mtb) is one of the most successful pathogens that can manipulate host cell environment for adaptation, evading immune defences, virulence, and pathogenesis of TB infection. Host-pathogen interaction is important to establish infection and it involves a complex set of processes. Metabolic cross talk between the host and pathogen is a facet of TB infection and has been an important topic of research where there is growing interest in developing therapies and drugs that target these interactions and metabolism of the pathogen in the host. Mtb scavenges multiple nutrient sources from the host and has adapted its metabolism to survive in the intracellular niche. Advancements in systems-based omic technologies have been successful to unravel host-pathogen interactions in TB. In this review we discuss the application and usefulness of omics in TB research that provides promising interventions for developing anti-TB therapies.
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Introduction

Tuberculosis (TB) remains a global pandemic and the biggest infectious killer despite being a preventable and curable disease (1). This communicable disease is caused by the pathogen Mycobacterium tuberculosis (Mtb) and it kills over a million people every year. In 2016, WHO estimated around 1.7 billion people were reported to have latent TB infection (1, 2). Drug resistance in TB has been an escalating problem worldwide with nearly half a million people developing rifampicin resistance in 2019. The pathogenic mycobacterium becomes resistant to the first line anti-TB drugs including isoniazid, rifampicin, fluoroquinolone and second line drugs causing multidrug resistant (MDR) and extensively drug resistant (XDR) TB, which are a serious global threat with MDR-TB accounting for one third of the deaths worldwide due to antimicrobial resistance (1, 3). MDR and XDR-TB cases are developed mainly due to poor drug regimen, treatment misuse and poor patient compliance due to the lengthy anti-TB treatments and the associated side-effects of the medications (3). This rapidly growing problem of drug resistance needs urgent attention. We need to develop new therapies to overcome the limitations of current anti-TB drug treatments. We also need improved and efficient diagnostic platforms for detection and surveillance for disease control and management of MDR and XDR-TB. COVID-19 pandemic posed significant challenges and disruptions to TB control and cure by restricting the health services, infrastructure, workforce and research efforts which were diverted away from TB and other diseases (4, 5). These disruptions from COVID-19 pandemic are predicted to increase global TB deaths by 20% over the next 5 years (4). We need to harness global research efforts to develop new and effective treatments for TB and to mitigate the limitations on treatment and cure imposed by the COVID-19 pandemic for avoiding additional morbidity and mortality.

The causative agent of TB has evolved to persist in humans. Mtb interacts with alveolar macrophages which are the primary cellular site of infection (6, 7). Macrophages in the lungs of an infected individual phagocytize TB bacilli which were inhaled as aerosols from another infected individual (6). Inside macrophages Mtb are contained in phagosomes which exhibit bactericidal activity through maturation and acidification (8, 9). Macrophages produce reactive oxygen and nitrogen species to eliminate intraphagosomal Mtb (6, 10). Macrophages initiate a pro-inflammatory response with other immune cells being recruited to the site of infection and forming a granulomatous lesion to arrest bacterial replication and stop dissemination. However, Mtb has evolved adaptation mechanisms to avoid the hostile host environment and immune defences including intraphagosomal survival and escape into the cytoplasm (9, 11). Mtb adapts its life and metabolism to survive in the hostile phagosome environments including hypoxia, low pH, antimicrobial peptides, reactive oxygen and nitrogen species and nutrient limitations (12–14). Metabolism of the TB pathogen is key for its survival in the human host. Decades of research using in vivo and in vitro TB models has enabled identification of the metabolic characteristics of Mtb within the intracellular niche. It is now well-established that Mtb uses multiple host metabolites such as lipids and amino acids as nutrient sources during infection (6, 13–15). Therefore, identifying vulnerable metabolic targets of Mtb provide avenues for the development of new antimicrobials and it has been an accelerating research area. Scientific advances in the development and application of systems-wide tools and platforms to screen genome, transcriptome, proteome, metabolome, metabolic modelling and fluxome have revolutionised research in untangling the interactions between human host and Mtb (Figure 1). In this review, we discuss advancements in TB research achieved using systems-based omics.




Figure 1 | Overview of systems-based omics used for exploring Mtb and host metabolic interactions. Created with BioRender.com.





Genomics, Transcriptomics, and Proteomics

The discovery of next-generation sequencing (NGS) facilitates the genomic and transcriptomic research of mycobacteria. The genomic or transcriptomic analysis focuses on the variation of genomic features, such as gene expression level, DNA sequencing or regulatory elements annotation, which enables the identification of essential genetic or regulatory targets under certain conditions (16–18). Resistance mutation of mycobacterium to drugs can be detected by genomic analysis of clinical isolates (19). The massive online database generated from genomics analysis of resistance mutation enables the generation of genetic interaction networks to different antibiotics (18, 20). RNAseq and methylome analysis of different clades of Mtb complex detected differential gene expression involved in host interaction and metabolism, which is further linked to the varied phenotypes and host susceptibility between the Mtb complex (21). RNAseq has been used to identify the relevant virulent genes in clinical Mtb strains such as the MKR mutant (17). Genes involved in cholesterol degradation as well as ESX-1 secretion system were up-regulated in the MDK strain but not in Mtb H37Rv (17). Drugs targeting the cellular pathway could decrease the intracellular survival of the MDK strain, which further proves the application of transcriptional analysis of Mtb strains could facilitate the identification of drug targets. Some studies combining both genomics and transcriptomic analysis among the same set of mycobacterial isolates identify specific single nucleotide polymorphisms (SNPs) and varied gene expression levels, as well as the link to phenotypes of the bacterial population (22, 23). Genomics or transcriptomics analyses are adopted to investigate the influence of deletion or over-expression mutants on the gene expression of the whole population to identify relevant cellular pathways (24, 25). Genomics and transcriptomics have provided insights into TB pathogenesis and host-pathogen interactions and facilitated identification of biomarkers of TB and vaccine development (26–29). RNA seq analyses by Kaufmann et al., demonstrated changes in the transcriptome profiles of hematopoietic stem cells (HSCs) and multipotent progenitors in BCG intravenously vaccinated mice vs. control mice. These epigenetic changes in the HSCs enhanced myelopoiesis and generated BCG trained macrophages that provided enhanced protection against Mtb (27). Esterhuyse et al. employed DNA methylome, transcriptome and proteome analyses of monocytes and granulocytes to demonstrate differences in DNA methylation profiles which correlated to changes in immune cell activation, transcription and inflammation between active TB and latent TB infection (LTBI) patients (29). A recent study using transcriptomic analyses compared the lung biosignatures between TB, lung adenocarcinoma (LUAD) and sarcoidosis patients and identified MK167 which is a mediator of Mtb-promoted tumor cell proliferation, migration, and invasion to be overexpressed in both TB and LUAD patients (26).

Proteomic analyses are used to identify and quantify proteins, which are functional biochemical entity of an organism, and these analyses provide direct functional information complementary to the genomics and transcriptomics analyses (30). Development and application of proteomic platforms has been researched for over a decade. In TB research, systems-level proteomic analysis has been applied with the motive to develop diagnostic markers, vaccines and therapeutics (31). Proteomic methods involve gel electrophoresis separation of proteins (30, 32) and liquid chromatography-mass spectrometry (LC-MS/MS) analyses of protein samples which can be conducted, broadly in two ways. A widely used approach, also known as bottom-up proteomics, involves digestion of proteins into peptides, followed by their identification and mapping into the proteins using their mass-to-charge ratios and further fragmentation of the ions for quantitative analyses (30, 33). The second approach, called top-down approach involves fragmentation of the total intact protein into molecular ions followed by protein identification and quantitation (31). Proteomic studies in TB have provided information on the TB pathogen’s protein expression profiles in in vitro and within the host. Discovery proteomic analyses by Rosenkrands et al. (34) identified 82 novel proteins out of 49 extracellular culture filtrate and 118 cellular lysate proteins in Mtb. Comparative proteomic analyses in clinical isolates and virulent and avirulent mycobacterial vaccine strains and Mtb complexes (MTBC) have revealed strain-specific characteristics (35, 36). Jungblut et al. (35) identified six proteins including L-alanine dehydrogenase (Rv2780), isopropyl malate synthase (Rv3710), nicotinate-nucleotide pyrophosphatase (Rv1596), MPT64 (Rv1980c) and two conserved hypotheticals (Rv2449c and Rv0036c) with missing counterparts in M. bovis BCG (Chicago strain). Chicago and Copenhagen BCG strains exhibited highly similar proteomes with only three identified variants while Mtb H37Rv and Erdman strains had 18 variants between them (35). Clinical strains JAL and BND showed distinct variations in the Esx and mce1 operon proteins, which contributed to their virulence and drug resistance, as compared with H37Ra and H37Rv strains (37). A tandem mass tag (TMT) labelled proteomics identified differential protein expression and phosphorylation in PE/PPE/PE-PGRS between H37Rv and H37Ra which contributes to the virulence of H37Ra in human cells (38). Differences in expression of nitrate metabolism proteins between Mtb H37Rv and drug-susceptible Beijing and multidrug-resistant Beijing strains were identified to be important in the pathogens’ adaptation to stressful intracellular environments (39). The non-replicative persistent (NRP) state of Mtb was investigated using isotope coded affinity tag-based (ICAT) proteomics which uses isotopic labels for quantitation of proteins (40). Cho et al. (40) cultivated Mtb in an oxygen depleted fermentor to achieve early and late NRP states of cultures and measured relative expression of proteins. This proteomic analysis revealed different expression profiles in the two NRP states which were associated with energy metabolism and degradation (40). In guinea pig models of TB, shot gun tandem mass spectrometry (MS/MS) proteomics at early (30 days-post infection) and chronic (90 days-post infection) infection stages identified over 500 Mtb proteins in infected lung tissues (41). This research identified heterogeneity in two protein classes, belonging to the cell wall processes and respiration and metabolism between the two stages highlighting these processes as necessary adaptations in persistent Mtb (41).

Proteomic approaches have been used to investigate host-pathogen interactions and immunological responses in TB, and in identification of diagnostic markers. The cell wall of Mtb is important for its virulence the cell wall lipids and proteins are antigenic and elicit host immunomodulations. Lipoproteins, T and B cell antigens and proteins associated with small and macromolecule metabolism were identified in Mtb’s cell wall which likely facilitated the transport of nutrients between the cytosol and extracellular milieu and cell wall re-modelling (42). Antibody screening and immunological responses using systems level proteomics has attracted great attention in recent years. TMT based quantitative proteomics showed differentially expressed proteins in THP-1 macrophages infected with Mtb H37Rv and H37Ra strains, and include proteins involved in apoptosis, blood coagulation and oxidative phosphorylation providing evidences to strain-specific host macrophage responses (43). T-cell IFN- Ɣ immunological response elicited by Mtb antigens in culture filtrate and cellular extracts were screened in splenocytes from Mtb-infected mice which allowed identification of 17 novel T-cell antigens (44). Proteomic analyses by Penn et al. using affinity tag purification mass spectrometry mapped 187 Mtb-human protein-protein interactions and identified two factors, Mtb’s secreted protein LpqN and the human ubiquitin ligase CBL involved in Mtb’s pathogenesis (45). Robust quantification of proteins in complex samples representing the intracellular milieu is critical to not only advance the TB biology but also to develop therapeutic and diagnostic interventions. Schubert et al. (46) developed Mtb proteome library, a public resource of definitive MS assays using single reaction monitoring (SRM) technique to quantify proteins in complex biological samples. Label-free quantitation of plasma proteins in patients with pulmonary (PTB) and (LTBI) provided a diagnostic model which showed alpha-1-antichymotrypsin(ACT), alpha-1-acid glycoprotein 1 (AGP1), and E-cadherin (CDH1) with >80% sensitivity, specificity and accuracy in distinguishing LTBI from PTB (47). Another study using TMT-based quantitative proteomics of human serum demonstrated different signatures of inflammatory proteins and apolipoprotein A and serotransferrin proteins (involved in lipid transport and iron metabolism) in LTBI and active TB cohorts (48). A multidimensional and stable isotope labelled q3D LC-MS quantitative plasma proteomics enabled discovery of novel protein biomarkers and 5-protein signature comprising of complement factor H related 5 (CFHR5), interleukin enhancer binding factor 2 (ILF2), leucine-rich alpha-2 glycoprotein (LRG1), LPS-binding protein (LBP), serum amyloid A (SAA), plasma C-reactive protein (CRP) and E3 ubiquitin-protein ligase listerin (LTN) to improve diagnostic accuracy of TB (49). Immunological proteome screening using integrative host and pathogen biochemical datasets allowed identification of antibodies in human serum of TB patients. A large-scale screening used protein microarray platforms which included 4099 Mtb proteins; these microarrays were probed with serum from over 500 individuals with and without active TB. Antibodies were screened against the entire Mtb proteome to identify immunoproteome for active TB which were extracellular proteins comprising 0.5% of the entire proteome (50) demonstrating well-established application of proteomics in identification of host-pathogen interactions for serodiagnostic markers.



Metabolomics and Isotopic Tracing Studies

Metabolomics is the one of the newest omic technologies used to discover, identify, and quantify metabolites which are biochemical entities produced and consumed in metabolic reactions which in turn drives metabolism and energy production in biological systems. Metabolomics allow big data integration across different omics for comprehensive determination of the consequences of all metabolites on cellular function and physiology (51–53). Metabolomics combined with isotope labelling strategies have identified nutrient sources for Mtb in in vivo environments and measured their uptake and assimilation by Mtb metabolic network; this is not feasible with any other omic platforms. Metabolomic analysis involves quenching of metabolites from living cells and cellular extracts and polar/nonpolar metabolites recovery, followed by analytical identification and quantification. Gas chromatography-mass spectrometry (GC-MS), nuclear magnetic resonance (NMR) and LC-MS are three most widely used analytical platforms for metabolomics. Depending on the purpose of the study, metabolites are analysed either by untargeted or unbiased methods/platforms, mainly used for qualitative analysis or by targeted analyses involving SRM or multiple reaction monitoring (MRM). Metabolism is at the heart of survival, growth, and virulence of Mtb, and other pathogens inside the human host cells. Metabolism of immune cells is equally important in driving a variety of cellular and immunological responses during infection and therefore, in recent years, immunometabolism has emerged as a rapidly growing area with the motive to develop new diagnostics and therapeutics for TB. The advancements in analytical tools and platforms have also allowed metabolomics and metabolic investigations at single cell and subcellular (cellular microcompartment) levels (54, 55). In this section, we have reviewed the latest developments in metabolomic technologies and their application to achieving breakthroughs in characterisation of the metabolic cross talk between the host and Mtb.

Metabolomics has been extensively used to identify metabolic pathways and to decipher metabolism of Mtb in in vitro and in vivo animal models. Activity-based metabolomic profiling which uses cellular metabolome as the platform using protein and time-dependent production and consumption of small molecules, assigned functional and structural characteristics of Rv1692 as a glycerol 3-phosphate phosphatase in glycerophospholipid metabolism (56). Rv322c has been recently assigned a nitrogen metabolic role in aspartate biosynthesis and this enzyme is essential for Mtb’s survival in murine macrophages and in mice (57). Lineage-specific metabolic differences, predominantly in amino acid, glycolysis, and tricarboxylic acid (TCA) cycle metabolism between six strains of MTBC complex were identified in exometabolomes of culture supernatants by untargeted time-of-flight (TOF) MS analysis. This study involved integration of metabolomics data into a constraint-based model which predicted the SNPs and genetic basis of the metabolic variations (58).

Complementary to other omic platforms, metabolomics has been applied to successfully identify Mtb and host metabolites in human biological fluids. High resolution orbitrap MS identified lipid metabolites such as phospha-tidylglycerol (16:0_18:1), lysophosphatidylinositol (18:0) and acylphosphati-dylinositolmannoside (Ac1PIM1) elevated in plasma of patients with active pulmonary TB (59). Another study applied orbitrap MS/MS and measured host responses to active TB and LTBI and identified elevated tryptophan catabolism to kynurenine mediated by indoleamine 2,3-dioxygenase-1 (IDO-1) (60). Metabolic biosignatures measured in human urine samples identified pre and post therapy clinical responses to TB antimicrobials which included 23 molecular features changing during the treatment (61). Drug phenotypes and their mechanism of Mtb's growth inhibition has been investigated using metabolomics and isotopic labelling analyses. Bedaquiline (BDQ), a newly approved anti-TB drug exhibits Mtb killing through inhibition of ATP synthase. The mode-of-action of BDQ is complex and has been investigated by multiple research demonstrating that BDQ induces Mtb’s glycolytic and gluconeogenic metabolic dependencies and that pyruvate phosphate dikinase (PPDK) is a vulnerable metabolic target (62). Knoll et al. (63) measured metabolite markers involved in TCA cycle metabolism, cell wall and DNA synthesis with GCxGC-TOF-MS in Mtb grown with and without ciprofloxacin, (a quinolone potent against drug resistance TB) to identify mechanism of action and Mtb’s adaptation to antimicrobials (63). Comparison of drug resistant and drug susceptible metabolic profiles showed proline and isoleucine levels significantly reduced in drug resistant strains (64).

Host and pathogen interaction in infectious diseases has been investigated in detail by multiple studies across decades using metabolomics combined with isotopic tracing studies. Metabolite profiling and 13C tracer studies have re-assigned identity and functionality of Mtb enzymes and elaborated its central carbon metabolic (CCM) pathways such as Rv1248c as 2-hydroxy-3-oxoadipate synthase catalysing C-C bond formation between α-ketoglutarate and glyoxylate (65), the role of phosphoenolpyruvate carboxykinase (PEPCK) in gluconeogenesis and its essentiality for Mtb’s survival in mice models (66) and the bifunctional role of Rv0812 coupling nucleic acid and cell wall biosynthesis (67). Untargeted metabolite profiling and isotopic analysis of Mtb grown on 13C-labelled carbon substrates dextrose, acetate and glycerol demonstrated that Mtb catabolizes multiple carbon substrates simultaneously to achieve monophasic growth providing a snapshot of metabolic adaptations in Mtb to host intracellular niche (68). GC-MS based isotopologue profiling using 13C carbon isotopic labels of Mtb infected-human THP-1 macrophages measured utilization of glucose by Mtb and essentiality of the anaplerotic node enzymes pyruvate carboxylase (PCA), PEPCK, malic enzyme (MEZ), and PPDK in gluconeogenesis, propionate and cholesterol detoxification and lipid synthesis (15, 69). Similar isotopologue analyses have been successfully applied across various host-pathogen models to measure intracellular metabolism of these pathogens, such as 13C glucose profiles of M. leprae growing in Schwann cells (70) and Trypanosoma brucei in bloodstream form (71) and 13C glycerol profiles in legionella pneumophila replicating in macrophages (72). 13C-isotopic analysis of Mtb in vitro cultures in a chemostat setup at controlled growth rate demonstrated efficient isotope incorporation and co-catabolism of 13C-labelled acetate and cholesterol, which are intracellular nutrient sources for Mtb (73). Recent advances in MS technologies have enabled the use of several stable isotopes including both single and mixed labelled species such as 15N and 2H. 2H cholesterol labelling of Mtb in vitro cultures confirmed that Mtb utilized cholesterol to synthesize amino acids (73). 15N-asparagine was used to measure the uptake and assimilation of nitrogen in murine macrophages using NANO-Secondary ion mass spectrometry (SIMS) (74). Agapova et al. (75) performed an LC-MS and 15N-isotopologue analysis to measure ammonium and amino acid utilization in in vitro Mtb and demonstrated that amino acids were preferred over ammonium and were utilized at similar rates, and that alanine dehydrogenase ald was important for alanine utilisation as a nitrogen source (75). 15N-isotopic labelling and GC-MS isotopologue analyses of Mtb infected-THP-1 macrophages identified nitrogen assimilation of amino acids in intracellular Mtb replicating human cells and further identified phosphoserine transaminase serC as a potential drug target (13).



Constraint-Based Modelling

Metabolism in a biological system involves numerous complex biochemical processes. Each biochemical reaction involves consumption and production of metabolites or chemical species. Metabolic flux through a reaction defines the rate at which a substrate is utilized and is the accurate measure of the activity of a pathway in the network. Metabolomics provides a measure of the pool sizes of the metabolites that can indicate active pathways but cannot measure the fluxes through the pathways. Therefore, measuring metabolic fluxes is the way to confirm network activity and function, and define the metabolic phenotype of a system.

Mathematical modelling of Mtb is a recent innovation in TB research and is popular for prediction of genes, metabolic and drug phenotypes of the pathogen and host-pathogen interactions. These models include a network of biochemical reactions including enzymatic, spontaneous or transport reactions which are reconstructed from annotated genome and literatures and implements computational methods such as flux balance analysis (FBA), flux variability analysis (FVA) and gene essentially predictions (76). Constraint based in silico modelling comprises of stoichiometric, mass, charge and energy balanced reactions and is used for prediction of steady-state phenotypes. The models include an objective function, typically a biomass equation. Flux distributions through the network are computationally optimized to maximize biomass function and growth rate to predict phenotypes. The accuracy of these predictions needs to be further validated using experimental approaches. These genome scale models are powerful as these platforms can be used to integrate transcriptomic, proteomic, and metabolic data to provide a holistic view of an organism’s metabolic and biochemical network in various environmental and nutritional conditions, stress and disease which is otherwise very challenging to derive from experimental and previously discussed omic platforms alone. Such metabolic modelling has been applied to study metabolic flexibility of Mtb and to predict mutant phenotypes (76–78). GSMN-TB, the first genome scale model of Mtb predicted the requirement of the enzyme isocitrate lyase during slow growth of Mtb in a continuous culture (78). Bonde et al. developed a differential producibility analysis (DPA) algorithm to extract metabolite production profiles through integration of micro array gene expression data into GSMN-TB model (79). DPA using GSMN-ML, the first genome scale model of M. leprae, was applied to interrogate RNA-seq data to derive in vivo metabolite production of leprae bacillus and nutritional status (80). Metabolic variations within the Mtb complex were identified through comparisons of substrate utilisation rates, gene essentiality data and growth rates calculated from GSMN-TB, GSMN-MB (M. bovis) and GSMN-BCG (M. bovis BCG) models (81). Lofthouse et al. tested a range of carbon and nitrogen sources to compare substrate utilisation between the models; the experimental validations identified several discrepancies with the predictions, highlighting the need to verify in silico predictions and to continually update and curate the models with updated genetic and enzymatic knowledge. Recent integration of metabolomic and genomic data into the genome scale models of Mtb complex predicted genetic mutations and their associated metabolic vulnerabilities in 18 clinical strains and providing an alternative approach to the genomic approaches such as GWAS to relate genetic variations to clinical phenotypes, and additionally, predicting related metabolic variations (53). Genome scale modelling has been used to identify drug targets through gene essentiality predictions (77). Rienksma et al. modelled metabolic state of Mtb during infection using condition-specific objective function and predicted nutrient uptake and gene essentiality to identify vulnerable drug targets in Mtb (76, 77). Till date, there are 16 genome scale models that vary in network topology and biomass equations, and these inconsistencies amongst the existing models poses limitations in their use and applications. It is therefore important that these models are updated and are standardized for predicting physiologically relevant phenotypes. Kavvas et al. (82) unified sMtb and iOSDD, two of the newest reconstructions and generated iEK1011, a standardized model that explored metabolic phenotypes of Mtb under various environmental conditions (82). Recently López-Agudelo et al. (83) conducted useful comparisons between eight Mtb models and identified the two best sMtb and iEK1011 models for metabolic state predictions (83). Although constraint-based genome scale modelling provides useful predictions on metabolic network operation and gene essentialities, these predictions are calculated based on the maximization or minimization of the assumed objective function in the model and therefore may not be an exact representation of the metabolic phenotype (84). The predictions need to be validated through measurement of metabolically active fluxes supported by experimental data.



Metabolic Flux Analysis and Fluxomics

Metabolic Flux Analysis (MFA), which is an amalgamation of computational and experimental techniques, provides precise quantification of metabolic fluxes in the network. The general workflow of steady state MFA is elaborated in Figure 2. The experimental part of MFA involves cultivation of microbial or eukaryotic cells in a growth medium containing isotopically labelled substrates. Majority of the MFA studies are conducted on steady state cultures where the cells are grown at a controlled growth rate using a bioreactor/chemostat setup (73, 85, 86) or assuming a pseudo-steady state during exponential growth mainly for eukaryotic cells (87, 88). Metabolic steady state of the system is confirmed through measurement of substrate uptake, CO2, and biomass production rates (73). Metabolically steady state cultures are next checked for isotopic steady state through addition of isotopic substrates and their incorporation into the biomass at various time points of cultivation. Cells at isotopic steady state are harvested for extraction of metabolites and follow up metabolomic and mass isotopomer distribution (MID) analyses using mass spectrometry (GC-MS, LC-MS) or NMR. The computational part of MFA involves construction of a metabolic model of the system under study; the model includes atomic transitions for the central metabolic network reactions, free and measured fluxes and a biomass reaction constructed from experimentally derived measurements of macromolecular compositions required to constrain the model. The MIDs are included in the model as the experimental data set, and the model is simulated using linear programming to iteratively fit the experimental MIDs and derive intracellular fluxes. Several computational tools such as 13C-FLUX2 (86), Isotopomer Network Compartmental Analysis (INCA) (73), WUFlux (89) are available for MFA calculations and for statistical evaluations of measured fluxes.




Figure 2 | General workflow of steady state 13C-Metabolic Flux Analysis (MFA). The application is shown for measuring metabolic fluxes of Mtb in vitro in chemostat and during intracellular growth in macrophages. The methodology includes growth of the biological system in isotopically labelled media, followed by achievement of metabolic and isotopic steady state for chemostat set up or assuming pseudo steady state from macromolecular measurements at various time points of isotopic labelling. Metabolomics and mass isotopomer distributions (MIDs) are measured using GC-MS, LC-MS or NMR. A minimum of 106-107 cells is required for robust MID measurements. The computational part of 13C-MFA includes construction of a metabolic model consisting of atomic transitions for central metabolic reactions. The model is constrained with extracellular flux and biomass measurements. Measured MIDs are incorporated into the model and the model is cimulated with MFA computational platform to derive best-fit metabolic fluxes that defines the metabolic phenotype of the system under study. Created with BioRender.com.



Steady state 13C-MFA, which uses 13C-isotopically labelled substrates has been used to quantify intracellular central carbon metabolic fluxes of Mtb in vitro and in human THP-1 macrophages. 13C-MFA of Mtb in vitro cultures cultivated at slow and fast growth rate using 13C-glycerol as the labelled carbon substrate identified a novel pathway for pyruvate dissimilation through glyoxylate shunt and anaplerotic reactions and demonstrated the ability of Mtb to fix CO2 for synthesizing biomass (86). Recently, the intracellular carbon fluxes that support co-catabolism of multiple carbon substrates by Mtb were identified using 13C-MFA (73). This study demonstrated that flux partitioning between the TCA cycle and glyoxylate shunt with a reversible methyl citrate cycle enables Mtb to co-catabolise cholesterol and acetate. 13C-MFA derived metabolic flux profiles of BDQ-treated Mtb identified the operation of a bifurcated TCA cycle and requirement of the anaplerotic node and methylcitrate cycle, thereby elaborating the metabolic changes in BDQ-treated Mtb (62). Application of classical 13C-MFA to measure metabolic fluxes of Mtb inside human cells is challenging as the system is at non-steady state. To overcome this challenge Beste et al. (15) developed 13C-Flux Spectral Analysis (FSA), a computational tool that probed the uptake and utilisation of carbon sources including a mixture of amino acids, C1 and C2 compounds by Mtb from human THP-1 macrophages (15). In addition to carbon, Mtb utilises several nitrogen sources during infection. This was recently demonstrated by Borah et al. (13) through the application of 15N-isotopically labelled amino acids to Mtb-THP-1 macrophage and development of 15N-Flux Spectral Ratio Analysis (FSRA) to identify the nitrogen sources acquired by Mtb from the host cell and their intracellular assimilation (13). This research demonstrated glutamine as the primary nitrogen donor for intracellular Mtb and that serine biosynthesis is essential for survival of Mtb in human macrophages.



Future Perspectives and Conclusions

Till date, several omic technologies have been developed and applied to investigate host-pathogen interactions in TB and in other diseases. Each of the five omics discussed in this review uses unique tools and methodology and specializes in the measurement of particular type of biomolecules and their functions. Genomic technologies such as GWAS has led to the discovery of new biological mechanisms in TB. Transcriptomic approaches are powerful tools to derive host and pathogen molecular signatures and for identification of biomarkers for diagnosis and prognosis. However, both these approaches have their limitations that needs to be considered while designing future studies. There are inconsistencies in genomic studies due to the failure in replicating genetic associations across various studies and experimental settings; previous transcriptomic studies have highlighted the need to conduct comparisons across diverse disease cohorts and between whole blood, tissues, and cells, thus limiting the precise identification of genetic signatures between active and latent TB (90, 91). Proteomics, the complementary approach to genomics and transcriptomics which has been used to identify host-Mtb interactions and pathogen physiology, also suffers from limitations such as low instrument sensitivity (92). Although metabolomics provides the advanced omic platform for detection of small molecules, the precision of detection and measurement are affected by extraction method and conditions. There are variations in metabolomic analyses performed across research labs due to the variations in instrument, sample preparations, data integration and statistical analysis which currently limits the reproducibility, sensitivity and specificity required for clinical applications (93). The most recent fluxomic technology measures the metabolic phenotype of a biological system and provides a systems-wide identification of active pathways. However, there exists limitations in application of fluxomics to TB disease cohorts, firstly due to the unavailability of a human TB metabolic and mathematical model of disease and secondly, fluxomics is currently limited to measuring mainly central carbon fluxes in host and pathogen. Isotopic labelling studies in Mtb are mainly focussed on single isotope species. Co-labelling studies with different isotopes such as 13C and 15N are limited mainly because of the low sensitivities of MS instruments to precisely distinguish between different isotopic species. As evident from several studies, there are multiple nutrients that the TB pathogen utilises inside the human host. To gain a complete picture of the metabolic characteristics of Mtb pathogen in humans, there is a need to further develop the fluxomic technologies to model multiple substrate utilisation and carbon and nitrogen co-metabolic reactions. There is a need to develop metabolomics and MS sensitivities to precisely distinguish and measure isotopic species-specific MIDs obtained from labelling experiments conducted with multiple isotopic substrates. Finally, the flux computational platform needs to be developed to accurately model fluxes for the utilisation of multiple atoms through the metabolic network.

In conclusion, systems-based omic technologies have advanced the frontiers of host and pathogen biology and their interactions in TB disease. Over decades, there has been several successful attempts in developing and applying various omic platforms for the identification of diagnostic markers and therapeutic interventions. However, the current limitations in these omic approaches limit the investigation of host-pathogen molecular interactions in clinical settings and to reproducibly identify and validate diagnostic and therapeutic markers. The integration of various omic approaches, data sharing, cross lab validations and application to studying multiple disease cohorts are plausible ways forward to harness the calibre of various omic approaches for discovering clinically relevant biological mechanisms in TB.
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One of the main hallmarks of tuberculosis (TB) is the ability of the causative agent to transform into a stage of dormancy and the capability of long persistence in the host phagocytes. It is believed that approximately one-third of the population of the world is latently infected with Mycobacterium tuberculosis (Mtb), and 5%–10% of these individuals can develop clinical manifestations of active TB even decades after the initial infection. In this latent, intracellular form, the bacillus is shielded by an extremely robust cell wall and becomes phenotypically resistant to most antituberculars. Therefore, there is a clear rationale to develop novel compounds or carrier-conjugated constructs of existing drugs that are effective against the intracellular form of the bacilli. In this paper, we describe an experimental road map to define optimal candidates against intracellular Mtb and potential compounds effective in the therapy of latent TB. To validate our approach, isoniazid, a first-line antitubercular drug was employed, which is active against extracellular Mtb in the submicromolar range, but ineffective against the intracellular form of the bacteria. Cationic peptide conjugates of isoniazid were synthesized and employed to study the host-directed drug delivery. To measure the intracellular killing activity of the compounds, Mtb-infected MonoMac-6 human monocytic cells were utilized. We have assessed the antitubercular activity, cytotoxicity, membrane interactions in combination with internalization efficacy, localization, and penetration ability on interface and tissue-mimicking 3D models. Based on these in vitro data, most active compounds were further evaluated in vivo in a murine model of TB. Intraperitoneal infectious route was employed to induce a course of slowly progressive and systemic disease. The well-being of the animals, monitored by the body weight, allows a prolonged experimental setup and provides a great opportunity to test the long-term activity of the drug candidates. Having shown the great potency of this simple and suitable experimental design for antimicrobial research, the proposed novel assay platform could be used in the future to develop further innovative and highly effective antituberculars.
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Introduction

Tuberculosis (TB) is the leading infectious disease caused by a single pathogen, responsible for 1.4 million deaths annually (1, 2). It is estimated that more than one-third of the population of the world is latently infected with the causative agent Mycobacterium tuberculosis (Mtb), leading to a state of latent TB infection (LTBI) (2). LTBI is defined as the presence of Mtb-specific immune response in the absence of TB symptoms. A full spectrum of TB disease states can be drawn between the asymptomatic and symptomatic clinical manifestation, including bacterial clearance, persistence, and reactivation (3–5). The reduced efficacy of the currently applied chemotherapy concurrent with the high prevalence of multidrug-resistant TB calls for new drug compounds with novel mode of action.

Protocols utilized for TB research differ in the route of infection, inoculum, dose, and strain of the bacteria, route of drug administration, timing, and type of endpoint analysis. Different preclinical animal models have been employed, of which mouse is the most preferred experimental model for many practical reasons. The small size and cost-effectiveness, together with the availability of more abundant commercial reagents, immunological evaluation indices and genetically modified strains, are among the reasons why more than 60% of the studies utilize mice for in vivo TB experiments (6). However, guinea pig is generally considered a more accurate model because the lung pathology is closer to human TB, including the granuloma formation (7, 8). Nonhuman primates represent an excellent model of human TB because of their susceptibility to Mtb infection, and they can develop a full spectrum of the disease (9). However, nonhuman primates can be only employed at a later phase of research. Rabbits were successfully utilized as a model of LTBI and to study bacillary control and reactivation of the disease (10, 11). However, the limited availability of immunological reagents represents a challenge. Zebrafish (Danio rerio) has become an attractive vertebrate model for studying mycobacterial infection and screening antibacterial drug candidates. However, the need for special facilities represents a difficulty for most of the laboratories (12–14).

Recent mice studies have shown that intraperitoneal or intradermal injection of Mtb leads to a low-grade infection showing containment mainly in the draining lymph node and the spleen (15, 16). Low-dose i.p. or i.d. infection approaches are used to model LTBI in humans to study novel intervention strategies and intracellular antitubercular efficacy of drug compounds.

In humans, the infection by inhaling small aerosol droplets containing Mtb, is followed by the phagocytosis of alveolar macrophages and dendritic cells. By analyzing the sputum of TB patients, neutrophils were identified as the predominant Mtb-infected phagocytic cells (17). Mtb enters the phagocytes by receptor-mediated endocytosis through various receptors such as Fc-, mannose-, and C-type lectin receptors (18–21). Some receptors allow the so-called silent entry, while others induce defense mechanisms (22). After internalization, Mtb-infected phagosomes should interact with early than late endocytic organelles and undergo phagosomal maturation. However, Mtb can escape immunity by utilizing several distinct mechanisms of action such as the inhibition of the formation of lysosomes, acidification, phagosomal maturation, cytokine-mediated macrophage activation, and apoptosis (23).

The great survival ability of Mtb and its success to cause systemic latent disease is based on the ability to transform into a stage of dormancy in which the bacterium changes its gene expression, builds an extremely robust cell wall, and develops resistance to most of the used drug compounds (22). Successful adaptation of Mtb to the intracellular environment of the phagocytes is the leading cause of failure for drugs against LTBI and TB. Traditional extracellular bacterial culture systems, that were used to identify antitubercular candidates, are limited by their low level of complexity, and they also cannot reflect on the intracellular status of Mtb. In this paper, a road map of experimental approaches to identify new compounds effective against TB and LTBI is proposed (Figure 1). An optimal candidate (i) must be effective against Mtb and (ii) must reach its target inside the Mtb-infected phagocytes in its active form and (iii) its compound should not be toxic to the host cells, (iv) must avoid endosomal entrapment, (v) must not efflux out, and (vi) must be permeable to the concerned tissue. Human cellular systems, together with state-of-the-art human-based tissue model systems, allow us to open new avenues to investigate better-acting antituberculars.




Figure 1 | Schematic flow chart of the proposed assay platform to define optimal candidates against intracellular pathogens. The main steps of the experimental setup: (i) activity on extracellular bacteria, (ii) determination of selectivity on potential human host cells, (iii) intracellular killing efficacy, (iv) internalization and intracellular localization, (v) penetration ability on tissue-mimicking 3D spheroids and on Transwell-based noncontact coculture interfaces, and (vi) degradation patterns.



Intracellular assays that quantify the bacterial survival inside the host phagocytes are used as host-based screening platforms to describe new, better-acting drugs (24). These screens were performed with Mtb or its surrogate M. bovis BCG (25) residing mainly in macrophages. Fluorescent reporter Mtb strains have additional benefits in visualizing the host-Mtb interaction and infection mechanisms (26). Also, inducible reporters are extensively studied, which fluoresce on exposure to a particular environmental change such as low pH or hypoxia (27). Recently, multicolor reporter strains were successfully utilized to simultaneously detect changes in the protein expression and intracellular ion concentrations (28). As host cell lines, murine J774A.1 (29, 30), murine RAW 264.7 (31, 32), and human THP-1 (33, 34) were frequently used in recently published assays. In our laboratory, MonoMac-6 human monocytes were studied to broaden the spectrum of host systems for Mtb (35, 36). The ease of maintenance and the complete capture of the target pathogen made MonoMac-6 a perfect choice for compound screening against intracellular Mtb.

Compared with traditional methods employing two-dimensional monolayer cultures, three-dimensional (3D) cell culture systems are recognized as they more accurately model physiological cellular functions and cell-to-cell interactions. Due to mimicking the assembly of the tissue or organ environment, 3D systems show advantages in providing more predictive data for in vivo studies (37). The 3D spheroids are suitable and simple objects to characterize the penetration ability of the delivery peptides and drug conjugates.

Physical barriers limit the efficacy of drugs and delivery devices. To comparatively estimate penetration ability via tissue barriers, Transwell arrangements are promising models (38). As a bronchial interface model, we have studied the noncontact, submerged coculture Transwell system to compare the trafficking of the compounds through cellular barriers.

As a model compound to accomplish this experimental road map, isoniazid (INH) was applied because INH is active against Mtb in the submicromolar range but ineffective against the intracellular form of the bacteria even at 1,000 times higher treatment concentration (39–41). Targeting INH to the site of action inside the Mtb infected phagocytes and tissues holds promise to improve the drug efficacy and reduce the side effects.

Cell-penetrating peptides (CPPs) and antimicrobial peptides (AMPs) have a recent history in designing and developing of host-directed therapy against intracellular pathogens. CPPs and AMPs can cross the lipid membrane, access intracellular targets, and serve as carriers for small molecular drug compounds (42, 43). In the resistance era, it is important to note that AMPs have received extensive attention because they are typically not causing widespread resistance due to their simultaneous attack on the cell wall and intracellular targets. In this study, a representative set of CPPs and AMPs were applied as carrier peptides for INH.



Material and Methods


Materials

Amino acid derivatives and resins were obtained from Iris Biotech (Marktredwitz, Germany). Reagents, such as N,N′-diisopropylcarbodiimide (DIC), triisopropylsilane (TIS), 1-hydroxybenzotriazole (HOBt), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), Isoniazid (INH), glyoxylic acid and 5(6)-carboxyfluorescein (Cf) were purchased from Sigma (Budapest, Hungary). Trifluoroacetic acid (TFA) and acetonitrile (AcN) were from VWR (Budapest, Hungary). N,N-dimethylformamide (DMF), dichlormethane (DCM), diethyl ether, and ethanol were purchased from Reanal (Budapest, Hungary)

For the in vitro assays, RPMI-1640 medium, fetal calf serum (FCS), and trypan blue were obtained from Sigma (Budapest, Hungary), while DMEM medium and 2 mM l-glutamine were from Lonza (Basel, Switzerland). Trypsin, nonessential amino acids, and penicillin-streptomycin were from Gibco (Thermo Fisher Scientific, Waltham, MA, USA). HPMI buffer (9 mM glucose, 10 mM NaHCO3, 119 mM NaCl, 9 mM HEPES, 5 mM KCl, 0.85 mM MgCl2, 0.053 mM CaCl2, 5 mM Na2HPO4 × 2H2O, pH = 7.4) was prepared in-house using components obtained from Sigma (Budapest, Hungary). BBL Löwenstein-Jensen medium was from Becton Dickinson (Környe, Hungary).



Peptide Synthesis and Purification

Peptides were produced on solid phase (Fmoc-Rink Amide MBHA, capacity = 0.67 mmol/g) resin in an automated peptide synthesizer (Syro-I, Biotage, Uppsala, Sweden) using standard Fmoc/tBu strategy with DIC/HOBt coupling reagents. Cf was coupled to the N-terminus of the peptides by using DIC/HOBt coupling method. Peptides were cleaved from the resin with TFA/H2O/TIS (9.5:2.5:2.5, v/v) mixture (2 h, RT). After filtration, compounds were precipitated in cold diethyl ether, centrifuged (4,000 rpm, 5 min) and freeze-dried from water.

RP-HPLC purification was performed on an UltiMate 3000 Semiprep HPLC (Thermo Fisher Scientific) with a Phenomenex Jupiter Proteo C-12 column (250 × 10 mm) using gradient elution, consisting of 0.1% TFA in water (eluent A) and 0.1% TFA in acetonitrile/water = 80/20 (v/v) (eluent B).

Purified peptides were analyzed by LC-MS using a Thermo Scientific Q Exactive Focus Hybrid Quadrupole-Orbitrap Mass Spectrometer. For the separation, a Waters Acquity UPLC BEH C18 (1.7 µm, 150 × 2.1 mm) column was used with a flow rate of 0.3 ml/min.

Residual TFA and TFA counter-ion was removed by using an acetate-exchange resin. For the detailed description, see Supplementary Information 1.1).



Conjugation of Isoniazid

Prior to conjugation, INH was derivatized as described previously (44). Briefly, 20.0 g, 0.146 mol INH (M = 137.1) was dissolved in 200 ml acetonitrile/water (1:1, v/v)) and reacted with 13.6 g, 0.148 mol glyoxylic acid monohydrate (M = 92.1, 1.01 equiv, dissolved in 50 ml water). After 1 h of stirring, the precipitate was filtered, washed with water and acetonitrile, and dried over P2O5 under vacuum (27.1 g, 96% yield, ESI MS calcd. 193.1 (Mmo) found 193.1).

The resulted isonicotinoylhydrazonoacetic acid (3.415 g, 17.7 mmol, M = 193.2) was reduced with 1.110 g, 17.7 mmol NaBH3CN (M = 62.8) in 30 ml abs. ethanol (12 h stirring, RT). The obtained yellowish solution was filtered, evaporated to dryness, and recrystallized from methanol (2.777 g, 81.2% yield, ESI MS calcd. 195.1 (Mmo) found 195.1)

The product, isonicotinoylhydrazinoacetic acid, (7 equiv) was added to the peptidyl resins described above, in the presence of 7 equiv. of DIC and HOBt (2 h, RT). INH-peptide conjugates were then cleaved from the resin with TFA in the presence of scavengers (2.5% H2O, 2.5% TIS; 2 h, RT), precipitated with cold diethyl ether, dissolved in water, freeze-dried, and purified as mentioned above.



Cells, Bacteria, and Culture Conditions

MonoMac-6 human monocytic cell line (45) (DSMZ No. ACC 124, Braunschweig, Germany) was maintained as an adherent culture in RPMI-1640 supplemented with 10% heat-inactivated fetal calf serum (FCS) l-glutamine (2 mM) and gentamicin (35 μM) at 37°C in a humidified atmosphere containing 5% CO2.

EBC-1 lung squamous carcinoma (RRID: CVCL_2891) (46–48) and CALU-1 human lung epidermoid carcinoma (Sigma 93120818) (49, 50) were maintained in DMEM medium containing 10% FBS and supplemented with 2 mM l-glutamine, 1% nonessential amino acids, 1 mM sodium pyruvate, and 1% penicillin-streptomycin (from 10,000 units penicillin and 10 mg streptomycin/ml). Cells were cultured at 37°C, 5% CO2-humidified atmosphere.

Mycobacterium tuberculosis H37Rv (ATCC 27294) was grown in Sauton’s liquid medium to exponential growth phase (approx. 3–4 weeks). The Sauton’s medium was prepared in-house as described in (51) with the addition of 0.05% (w/v) Tween-80 to prevent bacterial aggregation (since Mtb H37Rv tends to form clumps). The bacterial suspension was homogenized by ball-milling using sterilized stainless steel grinding balls, and after dilution, it was used for the inoculation of the test tubes.

All experimental procedures with infectious Mtb were performed in a biosafety level 3 (BSL-3) laboratory at the National Public Health Center (Hungary), respecting the institutional containment level 3 laboratory management and biosecurity standards based on applicable national and EU Directives.



Determination of In Vitro Antitubercular Effect

Antimycobacterial activity of INH and INH-conjugates was determined on Mtb H37Rv using broth dilution method in Sula semisynthetic medium (pH = 6.5) (52–54). Dilution series of the compounds were prepared in DMSO and added to 5 ml Sula medium-containing test tubes. The Mtb bacterial suspension (0.5 McFarland equal to 1.5 × 108 CFU/ml) were diluted 104 times and added to the test tubes. The minimal inhibitory concentration (MIC, reported in micromolars) was determined after incubation at 37°C for 28 days. MIC was the lowest concentration of a compound at which no visible growth of the bacteria occurred. The antitubercular effect of the tested compounds was confirmed using a colony-forming unit (CFU) determination by subculturing 100 µl of the supernatant onto drug-free Löwenstein-Jensen solid medium (37°C, 28 days), which is a selective medium specifically used for the culture and isolation of Mtb. Experiments were repeated at least two times.



Cellular Uptake and Intracellular Localization

The internalization of the compounds was measured in MonoMac-6 cells. For the assay, cells were treated with Cf-labeled peptides at 5, 10, and 20 µM final concentration and were incubated for 2 h. After centrifugation (1,000 rpm, 5 min) and washing with serum-free RPMI medium, the supernatant was removed, and 100 μl 0.25% trypsin was added to the cells. After 5 min incubation, 0.8 ml 10% FCS/HPMI medium was added, then cells were washed and resuspended in 0.3 ml HPMI medium. The intracellular fluorescence intensity of the cells was measured on a BD LSR II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) on channel FITC (emission at λ = 505 nm), and data were analyzed with FACSDiva 5.0 software (BD Biosciences). All measurements were performed in triplicates, and the mean fluorescent intensity together with the standard error of the mean (SEM) was graphically presented. For analysis of statistical significance, unpaired t-test was used.

Cellular uptake and localization were visualized by confocal laser scanning microscopy. MonoMac-6 cells were seeded 1 day prior to treatment into coverslips (thickness 1, Assistent, Karl Hecht GmbH, Sondheim vor der Rhön, Germany) containing a 24-well plate (Sarstedt, Nümbrecht, Germany) for microscopy studies at a density of 7.5 × 104 cells/well, in 1 ml complete DMEM medium. The following day, cells were treated with Cf-peptide at a concentration of 10 µM (diluted in serum-free DMEM medium) for 2 h. Lysosomes were stained by LysoTracker Deep Red (Invitrogen, Waltham, MA, USA) for 30 min, and nuclei were stained by Hoechst 33342 solution (Thermo Scientific, USA). After each step, cells were washed three times with serum-free medium, then cells were fixed by 4% paraformaldehyde for 15 min and mounted to microscopy slides with Mowiol 4-88 (Sigma, Budapest, Hungary). Imaging was performed by a Zeiss LSM-710 system (Carl Zeiss microscopy GmbH, Oberkochen, Germany) with a ×40/1.4 Plan-Apochromat oil immersion objective using lasers with the parameters: Cf peptides λex = 488 nm, λem = 541 nm, nuclei λex = 405 nm, λem = 467 nm (Hoechst 33342), lysosomes λex = 633 nm, λem = 720 nm (LysoTrackerTM Deep Red) or λex = 577 nm, λem = 590 nm (LysoTrackerTM Red DND-99) were used. Zeiss ZEN lite software (Carl Zeiss Microscopy GmbH, Jena, Germany) was used for image processing.



Transwell Experiments to Determine Penetration Ability Through Bronchial Interface

EBC-1 lung squamous carcinoma and CALU-1 human lung epidermoid carcinoma were seeded on 24-well plates with Transwell inserts (TW) [Nunc, Sigma polycarbonate microporous membrane, 0.4 µm pore size (growth area 0.412 cm2)]. Before use, TW inserts were incubated with ICM. On day 1, 300 μl of CALU-1 suspension in complete DMEM medium (8.0 × 105 cells) was pipetted onto the surface of the TW apical chamber and 500 μl complete DMEM medium was added to the basolateral side. In order to avoid nonattached cells, after incubation at 37°C for 5–6 h, the apical medium was removed and replaced with fresh complete DMEM medium. On day 3, the medium was changed, and CALU-1 cells were grown up to confluence (which was checked prior and after the experiments) with CellTracker Green (CMFDA (5-chloromethylfluorescein diacetate, Invitrogen, C2925). CMFDA was dissolved in serum-free DMEM medium to reach 10 µM concentration. After 35 min of incubation, the cells were washed with serum-free DMEM and cell nuclei of CALU-1 monolayers were stained with Hoechst 33342 solution, according to the manufacturer’s suggestions. ZEISS Axio Observer Inverse Imaging Platform (Zeiss) (equipped with Led3 470 blue, Led4 555 green; filter set: 25HE) was used to capture the TW insert membrane with CALU-1 monolayer. On day 5, the medium was changed, then Cf-peptide was added to the CALU-1-containing apical side at 10 and 20 µM concentrations, and the system was incubated for 45 min or 3 h (37°C, 5% CO2). The TW chamber was removed after incubation. EBC-1 cells were studied using flow cytometry (BD LSR II).

EBC-1 cells were treated without the presence of the TW inserts as controls (on day 4 prior to treatment, EBC-1 cells (105 cells/well in complete DMEM).



EBC-1 Spheroids as Lung Tissue-Mimicking Platform to Capture Penetration Profile of the Cf Peptides

In this study, we have employed a modified method based on (55). Briefly, micromolds for casting 3D Petri dishes (MicroTissues, Sigma, 5 × 7 array) were filled with molten agarose (2% (w/v) in PBS). The gelled agarose dishes were equilibrated with serum-free DMEM (2 ml/2 h, 37°C). Cells were seeded after incubation (1.8 × 104 cell/µL in DMEM CM). Prior to seeding process, nuclei were stained with Hoechst 33342 solution (0.2 µM) for 30 min (Figure 2). Based on our previous work (55), the nuclear stain could not successfully penetrate into deeper layers of the spheroids (mostly localized at the spheroid surface), and towards the center of the spheroids the Hoechst 33342 signal was gradually decreasing. Stained cells were incubated in 2 ml DMEM CM for 48 h while cell-to-cell adhesion drives the aggregation and formation of spheroids. To monitor the condition of the spheroids, bright-field images were captured (Olympus CX41). After 48 h of incubation, spheroids were washed two times with fresh ICM DMEM and were treated with the Cf-Dhvar4 peptide (10 µM/2 ml ICM DMEM for 3 h). After the treatment, spheroids were washed two times with ICM DMEM and three times with PBS. Spheroids were fixed with 4% paraformaldehyde for 15 min (37°C) and were washed three times with PBS, and then harvested and transferred from the agarose micro-wells into µ-Slide 8-well uncoated Ibidi chambers for imaging (Zeiss LSM 710; ×10 dry objective (×10/0.45 M27)). The same excitation and emission wavelengths were used as for the 2D confocal microscopy imaging. Z-stack images were obtained by scanning the spheroids from the bottom of the spheroid with 11 µm distance between each scanning plane (Figure 2). Images were processed with ZEN 3.0 blue lite software. Line scan analysis was performed by NIH ImageJ software, two spheroids were analyzed (eight scans per spheroid, n = 16 in total). Line scans were carried out using greyscale images; grey value corresponds to the intensity of a given pixel on a scale of 0 to 255. As spheroids are of various shapes and sizes, the diameter of the scanned area (horizontal axis distance) was normalized to 1 for better comparison. To average the intensity values from line scans of spheroid sections of slightly different sizes and shape, all line scan lengths were normalized to 1, yielding normalized diameter. Calculation of average and SEM of multiple curves was carried out using the software OriginPro 2018.




Figure 2 | Schematic workflow using the micromolded nonadhesive agarose 3D Petri dish to evaluate Cf-peptide penetration ability to EBC-1 spheroid tissue-mimicking model. Imaging and analysis of spheroids (A, B); 9 × 9-type silicone micromold used for casting agarose Petri dish (C), equilibrating and adding complete cell medium. View of EBC-1 spheroids in agarose 3D Petri dish (D), enlarged image of an individual EBC-1 spheroid (E); (D, E) bright-field images were captured with an Olympus CX41 microscope [objective: ×4 (D) and ×20 (E)]. Side view of an EBC-1 spheroid with the position of scanning plane (G) during confocal laser scanning microscopy imaging (section z5, corresponding to z-section captured 55 µm from the surface) (F). Position of lines during linescan of section z5 of two parallel spheroids (eight lines each) (H).





Intracellular Killing of Mycobacterium tuberculosis

Prior to experiment, MonoMac-6 cells were cultured in a 24-well plate for 24 h (2 × 105 cells/1 ml medium well). Adherent cells were infected with Mtb H37Rv at a multiplicity of infection (MOI) of 10 for 4 h. Nonphagocytized extracellular bacteria were removed, and the culture was washed three times with serum-free RPMI. The infected monolayer was incubated for 1 day before antitubercular treatment. Infected cells were then treated with the compounds at 5, 10, and 50 μM concentrations. After 3 days, the treatment was repeated with fresh solution of the compounds for an additional 3 days. After washing steps to remove the compounds, infected cells were lysed with 2.5% sodium dodecyl sulfate solution. Ten times serial dilutions were then prepared from the lysates and plated onto BBL Löwenstein-Jensen tubes. After 4 weeks of incubation, the CFU of Mtb was enumerated, and the bacterial number was estimated and graphically presented. Experiments were repeated at least twice.



Ethical Statement

Animal experiments were carried out in accordance with the guidelines of EU Directive 2010/63/EU and Hungarian laws and were approved by the Hungarian Scientific Ethical Committee on Animal Experimentation under the following protocol number: PE/EA/2569-4/2016.



Mice, Mtb Infection and Therapy

For infection experiments, 6–8-week-old BALB/c female mice were kept in ventilated cages and allowed ad libitum access to water and to a standard pellet diet. Mice were infected with a mid-logarithmic culture of Mycobacterium tuberculosis H37Rv (106 CFU/ml in PBS, 200 μl, i.p.). Two weeks after, therapy of 20 mg/kg bw of INH in 100 µl PBS (per os) and 30 mg/kg bw of INH-Dhvar4 in 100 µl PBS (s.c.) has started. Mice were treated twice a week for 5 weeks. Mice were monitored twice per day for the parameter attitude, locomotion, breathing, curiosity, nasal secretion, grooming, and dehydration. Mice that lost >20% body weight and had evidence of severe symptoms, such as scruffy coat, inactivity, loss of appetite, poor locomotion, or painful posture, were sacrificed before the termination of the experiments.

One week after the 10th treatment, mice were euthanized, and their organs were removed. To determine the viable bacteria, a portion of lung and spleen were homogenized in a tissue homogenizer using ceramic beads (MagNA Lyser Green Beads, MagnaLyser, Green Beads, Roche, Switzerland) in Bouillon broth (two times 60 s, 7,000 Hz), then 100 μl of the supernatant was plated onto BBL Löwenstein-Jensen Medium. CFU were counted after 4 weeks of incubation. For histopathological analysis, each animal’s lung, spleen, liver, and kidney were removed and fixed in 8% neutral buffered formalin for 24 h at room temperature before removing from the high-containment facility. Tissue specimens were dehydrated in a series of ethanol and xylene baths and embedded in paraffin wax. Sections (3–4 μm) were stained with hematoxylin and eosin (HE). For in situ visualization of the acid-fast bacilli, the Ziehl-Neelsen (ZN) staining method was applied on similar pretreated sections. Slides were analyzed in an Olympus BX53 microscope (Japan), and photomicrographs were obtained with an Olympus SC100 high-resolution digital color camera using the Olympus cellSens imaging software platform.




Results


Chemistry

For INH conjugation, representative cell-penetrating (CPP) and antimicrobial peptides (AMP) were chosen. These cationic, amphiphilic peptides are favored in the transportation of various cargos due to their high internalization rate. The used peptide series contains well-known CPPs such as penetratin, transportan, and Tat, frequently studied AMPs such as magainin and buforin, and designed analogs such as Dhvar4, Crot(1-9,38-42), and CM15. Also, a receptor-binding tuftsin analog (OT20), which was reported as a macrophage-targeting peptide, was also applied. Table 1 shows the theoretical and experimental monoisotopic molecular masses of the peptide, measured on a high-resolution mass spectrometer. Mass spectra and RP-HPLC chromatograms are available at https://figshare.com/s/48a023a25068f7658adf, DOI: 10.6084/m9.figshare.16644901. Retention times observed on the analytical RP-HPLC chromatograms were also presented, which had a strong correlation to the overall hydrophobicity of the compounds. To study the internalization rate and intracellular localization, fluorescently labeled analogs were also synthesized. Note that the retention time of Cf-peptide are somewhat higher than unlabeled analogs, and in some cases, two peaks were detected due to the isomeric distribution of 5(6)-Cf molecule.


Table 1 | Analytical characteristics of the peptides and peptide conjugates.



INH was coupled to the N-terminus of the peptides, using a previously described method (44). Resulted INH-peptide conjugates were then cleaved from the resin with TFA in the presence of scavengers (Figure 3).




Figure 3 | Coupling of isoniazid to peptides. First, INH was derivatized by glyoxylic acid, then reduced with NaBH3CN. The corresponding carboxylate was coupled to the peptides on solid phase using DIC/HOBt coupling reagents.



Generally, after the cleavage and purification of synthetic peptides, TFA can remain in the lyophylisates. Residual TFA content can be deteriorative during the in vivo experiments; therefore, the removal of TFA and the replacement of TFA counter-ion to a less harmful acetate ion is strongly recommended. For that, an anion-exchange method was applied, which is described in the Supplementary Information 1.1).

Next, we examined the enzymatic stability of two peptide conjugates in rat liver lysosomal homogenate (see Supplementary Information 2 for the method description). Peptides were dissolved at 0.025 µg/µl concentration then allowed to react with the lysosomal homogenate. Degradation of the conjugates was fast. After 30 min of incubation, the peaks of the intact conjugates almost disappeared from the chromatograms (Supplementary Figure S1). In the case of INH-Dhvar4, the most stable fragment was conjugated, which gave the main peak after 24 h of incubation, containing a tripeptide (KRL) covalently attached to INH (Figure 4A). In the case of INH-penetratin, the most stable fragment was a tetrapeptide (RQIK) with INH (Figure 4B).




Figure 4 | Lysosomal degradation of INH-Dhvar4 (A) and INH-penetratin (B) conjugate. Conjugates were incubated with rat liver homogenate, and samples from different time points were analyzed by LC-MS. For the detailed analysis (chromatograms and mass spectra), see Supplementary Figure S1.





Internalization, Intracellular Localization, and Cell Surface Morphology

First, cellular uptake of MonoMac-6 human monocytes was studied. This cell line was utilized as a host for Mtb in the next set of experiments. Cells were treated with Cf-labeled peptides at 5, 10, and 20 µM concentrations for 2 h. In order to remove the surface-bound peptides, trypsin was added to the cells; then, the intracellular fluorescent intensity was measured by flow cytometry. At the studied concentration, none of the peptides showed more than 20% cytotoxicity (the relative viability was >80%), except melittin, where the cytotoxicity was almost 50% at the highest treatment concentration (Figure 5A). Highly efficient internalization was measured for the conjugates. The two most effective peptides were the Dhvar4 and penetratin (Figures 5B, C).




Figure 5 | Internalization of Cf-labeled peptides to MonoMac-6 human monocytes. Cells were treated with the peptides for 2 h, then after trypsinization, the internalization rate was measured by a BD LSR II flow cytometer. (A) The relative viability of the cells compared with the medium-treated control cells. The percentage of FITC (Cf)-positive cells is presented in (B), while the mean fluorescent intensity (MFI) is shown in (C). Bars represent the mean of three parallels ± SEM. For analysis of statistical significance, unpaired t-test was used.



Parallel with flow cytometry measurements, confocal laser scanning microscopy images were also captured in order to assess qualitative information on intracellular localization. LysoTrackerTM Deep Red was used for lysosome and Hoechst 33342 for nuclear staining to distinguish subcellular localization of the Cf-peptide. The experiment was carried out after 2 h of incubation time, and representative images are presented in Figure 6A. As was expected, based on the results of flow cytometry measurements, all of the peptides were internalized efficiently. In the case of peptide transportan and CM15, fluorescent signals were observed mainly in lysosomal compartments (Figure 6A). Peptide Dhvar4 and penetratin could be imaged in the cytosol with almost no or low level of colocalization with lysosomal staining, which suggests that these peptides internalize and display a ubiquitous distribution in the cytosol. Considering all these data, it was presumed that the Dhvar4 and penetratin peptides enter the cells in a concentration-dependent manner by direct penetration or by endocytosis, followed by an endosomal release (Figure 6B). This was further proved by the effectivity of INH-Dhvar4 and INH-penetratin on intracellular bacteria. MonoMac-6 cells are excellent as host cell models; however, preparing them for confocal microscopy is quite challenging. We have optimized the cell preparation process (including the Cf-peptide treatments, fixation, staining protocol, incubation times, concentrations, washing steps, etc.). Our main goal was to achieve no cell morphology deformation, no staining differences in order to increase the confidence that Cf-peptide and lysosomal stain occupy the same or different structure. Colocalization of Cf-peptide and LysoTracker may be subjectively identified by the cooccurrence, the simple spatial overlap which combined the contribution of both signals (green and red) when the images of each signal are superimposed (merged, see Supplementary Figure S3). So, for example, colocalization of Cf-transportan and LysoTracker was apparent in vesicles that appear orange because of the combined contributions of green signal (Cf-transportan) and red fluorescence (LysoTracker). We have chosen a representative Cf-peptide set to quantify roughly the differences among peptide localization using greyscale analysis. The detailed process and graphs were presented in the Supplementary Material. We should point out, however, that this approach has its limitation, because our main goal was to visualize the differences and our experiments were mainly designed for qualitative rather than quantitative comparisons.




Figure 6 | Intracellular localization of Cf-peptides. MonoMac-6 cells were treated with the peptides at 10 µM concentration for 2 h, then cells were captured by confocal laser scanning microscopy (Zeiss LSM-710 system) (A). LysoTracker™ Deep Red was used for lysosome and Hoechst 33342 for nuclear staining. Schematic representation of internalization and endosomal entrapment/release processes is presented in (B).



In addition to the internalization experiments, the surface morphology of INH-peptide-treated and fixed EBC-1 cells was also studied with atomic force microscopy (AFM) (Supplementary Information 1.3). High-resolution imaging of the cell surfaces was performed with a Flex-Axiom AFM system (Nanosurf, Liestal, Switzerland).The representative images and surface roughness of the native and treated cells are shown in Supplementary Figure S2. Mean Rq values are somewhat higher in the case of peptide and conjugate-treated cells, compared with untreated cells, but the differences do not suggest membrane disruption. As a result, we can conclude that membrane integrity maintained after the Dhvar4 and INH-Dhvar4 conjugate treatment.



Penetration Ability on Bronchial Interface and 3D Spheroid Model

First, we studied the penetration ability of the Cf-peptide on Transwell using submerged, cocultured noncontact monolayers of CALU-1 and EBC-1 cells as a simple in vitro bronchial interface model (Figure 7). Cf peptides were added to the CALU-1 containing apical chamber at 10 and 20 µM concentration and after 45 min or 3 h of incubation. EBC-1 cells from the basolateral chamber were stained and fixed prior to confocal microscopic analysis. As control experiments, treatments without TW were also carried out (Figure 7G). All four peptides were able to cross the CALU-1 monolayer, and they were internalized into EBC-1 cells. According to the green signal intensity, the internalization rates followed the same pattern as obtained in the cellular uptake studies (Figure 5C), namely, penetratin, and Dhvar4 have higher internalization rates (after crossing membrane and CALU-1 barrier) than the other peptides. Similar tendencies were observed after 3 h of incubation (data not shown).




Figure 7 | The penetration ability of Cf-peptides was determined on Transwell bronchial interface, and the penetration rates were quantified by flow cytometry. Schematic representation of the Transwell coculture arrangement with noncontact submerged monolayers as simple bronchial interface model containing CALU-1 and detector EBC-1 cells (A, B). CALU-1 cells were seeded on the apical side of the TW insert, while EBC-1 cells were seeded on the bottom of the basolateral chamber (with or without Transwell inserts) (A, B). Schematic enlarged features of the polycarbonate microporous membrane (C). The confluence of CALU-1 monolayer was monitored with CellTracker Green, and after development of stable green fluorescence, cells were imaged in situ. Image acquisition was performed with Zeiss Axio Observer Z1 inverted epifluorescent microscope (×10 Plan Neofluar/×40 EC Plan-Neofluar objectives). The microscope was equipped with a Zeiss AxioCam MRm CCD camera and a Marzhauser SCAN-IM powered stage. For multifield mosaic image acquisition, stage positioning and focusing were controlled by Zeiss Axiovision 4.8 software. Images were processed using NIH ImageJ software. Scale bar represents 500 µm (D). Enlarged section of the confluent monolayer of CALU-1 on the polycarbonate membrane. Nuclei of the cells were stained with Hoechst 33342 (blue) and Cf peptide (green). Scale bar represents 100 µm (E, F). The flow cytometry analysis of detector EBC-1 cells with or w/o Transwell inserts, MFI values presented (G). Cellular uptake of the Cf-peptides on CALU-1 cells compared by MFI values (treatment: 3 h, 10 and 20 μM) (H).



Next, we assessed the penetration ability of Cf-Dhvar4 peptide on spheroids formed from EBC-1 cells. Cells were treated with the peptide for 3 h at 10 µM concentration. Nuclear staining with Hoechst 33342 was also applied. Fixed spheroids were visualized by confocal laser scanning microscopy. The EBC-1 spheroids had an average diameter of 350 and 400 nm, respectively (Figure 8). To visualize the penetration profile of the Cf-Dhvar4, we have carried out line scan analysis extracted from the images. Spheroids were scanned in the z-direction with a step size of 11 µm (z1–z5). The deepest z-section from the surface of a spheroid presented here is approximately 55 µm (z5). To have comparable fluorescent intensity values among the zones, normalized grey value data were standardized as the proportion of the mean normalized intensity in the peripheries (0%–100%). Towards the center of the spheroids, the Cf signal was gradually decreasing (Figure 8). Based on the presented results, we can conclude that Cf-Dhvar4 has fair penetration ability on EBC-1 spheroids.




Figure 8 | Representative confocal images of EBC-1 spheroids after 3 h treatment with 10 µM Cf-Dhvar4 (green). Nuclei were stained with Hoechst 33342 (blue). Z-stack images were obtained starting at the surface of the spheroid with 11 µm intervals for a total of 55 µm into the spheroid, the presented images are from the 22.6-µm (z2) depths. Scale bar represents 200 µm (A). Schematic representation of z sections (z1–z5) (B). Line scans of spheroids at different (z1–z5) depth, mean intensities are grey values (0–255) averaged from two parallel spheroids (eight line scans for each, total n = 16 line scans), error stripes correspond to SEM (C). Imaging was performed by Zeiss LSM 710 system with a ×40 oil objective with the parameters: Cf-peptides λex = 488 nm, λem = 541 nm, nuclei λex = 405 nm, λem = 467 nm (Hoechst 33342).





Antitubercular Effect on Extracellular and Intracellular Mtb Populations

Antibacterial effect against extracellular Mtb was determined using a conventional broth dilution method. The MIC value for INH was between 0.1 and 0.5 µM (0.01–0.07 mg/L), which is in accordance with literature data (56, 57). INH-peptide conjugates exhibited similar MIC values, namely 0.5–1.25 µM, which proved that INH maintained its activity in the conjugated form. This observation is in line with our previous results published recently (39, 44).

Intracellular killing activity of the INH-peptide conjugates was tested on Mtb H37Rv-infected MonoMac-6 human monocytes. Infected cells were treated two times for 3 + 3 days at 5, 10, and 50 µM concentrations. After washing and SDS lysis, Löwenstein–Jensen tubes were inoculated with the lysates, and bacterial colonies (CFU) were enumerated after 4 weeks of incubation. The most efficient compound was the INH-Dhvar4; therefore, this conjugate was studied in more detail. Cytotoxicity to the host cells was also measured (Figure 9A). The viability of MonoMac-6 cells, compared with medium-treated control cells, was >80% at the highest treatment concentration (50 µM) (Figure 9B).




Figure 9 | Intracellular killing efficacy of the INH-peptide conjugates was measured on Mtb H37Rv-infected MonoMac-6 cells (A). Infected cells were treated with the conjugates at 5, 10, and 50 μM concentrations, two times for 3 + 3 days. After washing and SDS treatment, lysates were plated on Löwenstein-Jensen tubes and bacterial colonies were enumerated 4 weeks later. Cytotoxicity of INH-Dhvar4 to the host cell is presented in (B). For a more detailed picture on the efficacy against intracellular Mtb, INH, Dhvar4 alone, and in mixture was compared with the INH-Dhvar4 conjugate (C).



Intracellular killing efficacy was further studied with different controls. INH itself was not effective against the intracellular form of Mtb at the studied concentration range, which is in line with previous observations (58, 59). Dhvar4 peptide itself was also not effective on the intracellular population of Mtb, but INH and Dhvar4 mixture showed a moderate antibacterial effect. When INH was covalently conjugated to the Dhvar4 peptide, significantly reduced bacterial growth was measured within the monocytes (Figure 9C). As low as 10 µM concentration was enough from the conjugate to be able to eliminate Mtb from the cells.



Slow Progressing Murine TB Model

Taking together all in vitro data obtained for the conjugates, INH-Dhvar4 proved to be the optimal candidate for the in vivo evaluation.

In this study, a BALB/c murine model was applied with i.p. injection of 106 CFU/ml Mtb bacteria (Figure 10A). This type of infection induces a course of slowly progressive and systemic disease and provides an opportunity for a prolonged experimental setup. The well-being of the animals, monitored by the body weight, showed an unbiased gain till the last week of the experiment (Figure 10D). After euthanasia, organ homogenates were cultured on Löwenstein-Jensen media and CFU were counted. Beside the lung, mice contained a high number of Mtb within the spleen, leading to the progressive systemic spread of the bacteria. In histological sections of the spleen of untreated control animals, rod-shaped acid-fast bacteria were observed, indicating the successful experimental design to model TB (Figures 10B, C). INH was administered per os (20 mg/kg bw), while INH-Dhvar4 conjugate was administered s.c. (30 mg/kg bw). Note that the INH content of the conjugate was only 2 mg. Each treatment group contained five animals, but after the seventh week of the experiment, one mouse from the untreated (but infected) control group was euthanized. The measured weight loss indicated this action (4 data points on the CFU/organ panels for the untreated control group). Clearance of Mtb from the lung was experienced after INH treatment (Figure 10E), while only a moderate decrease was observed in the spleen (Figure 10F). The same decrease in the number of Mtb counted from the spleen homogenates was observed for the INH-Dhvar4 conjugate, which contains only 1/10 of INH compared with the orally administered drug. The progress of the infection is extremely a complex process in vivo, and it is affected by the relative density of bacterial subpopulations, tissue microenvironments and consequently the respective susceptibility of the individual animals to therapy. The aforementioned factors can result in the heterogeneity of the efficacy data. Our murine model was intended to be used as a slow progress one. The drawback of this model is that some animals had higher spleen and/or lung bacterial loads to resist the activity of the conjugate and to achieve the sterile cure.




Figure 10 | Timeline and results of the in vivo experiments. Mice were infected with M. tuberculosis H37Rv on day 7. After 2 weeks, mice were treated with INH (20 mg/kg bw per os) and INH-Dhvar4 conjugate (30 mg/kg s.c.) twice a week for 5 weeks (A). Histopathological examination of the spleen of untreated control animals showed multifocal, small aggregates of macrophages in the white pulp [(B), dashed circle], whereas Ziehl-Neelsen staining prepared from consecutive sections revealed the presence of rod-shaped, acid-fast bacteria within these lesions (C), arrows], which clearly indicates Mycobacterium tuberculosis infection in the spleen. (D) The weight gain of the mice during the whole experiment. Each treatment group contained five animals, except for the control group, where the experiment ended up with four animals. One week after the 10th treatment, mice were euthanized, and the number of bacteria was enumerated from the tissue homogenates [(E), lung; (F), spleen].






Discussion

The development of new, better-acting antituberculars is challenging because the compound should be effective against a variety of Mtb strains residing in different tissue environments. In this paper, a road map of experimental approaches is suggested to characterize a compound by its antitubercular effect, lysosomal stability, internalization to host phagocytes, penetration through tissue models, the intracellular killing of Mtb, and in vivo antitubercular activity in a murine model of TB. As a model compound to investigate this experimental road map, INH and its peptide conjugates were selected because of their different molecular profile, penetration ability, and intracellular activity.

INH is a prodrug, activated by the mycobacterial KatG enzyme (EC:1.11.1.21) (60). The activated radical forms INH-NAD adduct that binds to the active site of InhA (EC:1.3.1.9, PDB ID: 4TRN). InhA plays an important role in the biosynthesis of mycolic acid (61). Inhibition of this essential cell wall component is the main mechanism of action for INH (57, 62). In humans, INH is metabolized via N-acetylation of its hydrazine functionality by NAT2 enzyme (E.C. 2.3.1.5), which is followed by renal extraction (63, 64) (Figure 11). Drug-induced liver injury is the main adverse effect of INH leading to poor compliance and interruption of the treatment (65).




Figure 11 | Cell wall alteration of dormant Mtb inhibits the internalization and antitubercular activity of INH. Isoniazid penetrates the cell wall of actively growing Mtb. The prodrug is activated by the mycobacterial KatG enzyme, which converts INH to a nicotinoyl radical. The activated radical forms a covalent adduct with NAD+ or NADP+. The INH-NAD adduct acts as a tight-binding competitive inhibitor of InhA (PDB ID: 4TRN). InhA (enoyl acyl carrier protein reductase) catalyzes a fatty acid elongation cycle in the type II fatty acid synthase (FAS-II) system, which is involved in the biosynthesis of mycolic acid. The inhibition of the synthesis of this essential cell wall component leads to membrane disruption and, as a consequence, death of the bacterium. INH is highly active against replicating but not against dormant or near-dormant bacteria. During dormancy, Mtb is shielded by an extremely robust cell wall, which is impermeable to INH and most drugs. With the help of peptide conjugation, efficient cell penetration of dormant, intracellular Mtb was observed.



Cell wall alteration is the main attribute of Mtb in latent infection. The intracellular, dormant Mtb bacilli become phenotypically resistant to most drugs and almost unreachable to antitubercular therapy (56). Reduced drug uptake is the major mechanism responsible for drug resistance in TB therefore, enhancing the internalization rate to Mtb-exposed phagocytes and infected human granuloma has a great potential to develop better-acting antitubercular drugs.

Host-directed therapies utilizing cell-penetrating peptides have been suggested to treat diseases where the causative agent can remain in the host phagocytes (66). In this study, a set of representative cationic, amphiphilic cell-penetrating and antimicrobial peptides was applied as carrier moieties for Isoniazid. Well-known CPPs (penetratin, transportan, and Tat) together with frequently studied AMPs (magainin, buforin), as well as designed analogs [Dhvar4, Crot(1-9,38-42), CM15] and a macrophage-binding Tuftsin analog (67–69) were conjugated covalently with INH using a previously described method (44).

All of the used peptides possess the common feature of containing several positively charged amino acids (Lys, Arg) but differ in hydrophobicity and membrane affinity. These features strongly influence the internalization and intracellular activity of the compounds. The interaction of INH-peptide conjugates with lipid monolayers was the topic of our previous work (70). As a result, we could conclude that the degree of penetration into a TB membrane model, consisting of DPPC+mycolic acid (3:1), was the highest for INH-transportan, INH-CM15, INH-magainin, and INH-Dhvar4 conjugates. Somewhat lower penetration was observed for INH-penetratin. The membrane affinity order almost followed the calculated hydrophobicity, namely transportan, CM15, magainin, and Dhvar4 were the most hydrophobic compounds in the given set. The mycolic acid content provides a negatively charged membrane layer that is favored by the cationic peptide conjugates, and long alkyl chains reduce the regular close packing of the DPPC, allowing good penetration of the conjugates. Structural changes induced by the presence of negatively charged bacterial membrane were frequently observed for AMP and CPP peptides and their conjugates (71–74), which led to a more complex view on the intracellular effect of such conjugates.

To elucidate the in vitro penetration ability of the peptides, Transwell measurements using submerged, cocultured noncontact monolayers as a simple bronchial interface model was performed. This setup provided a remarkable difference in the trafficking pattern between Cf-peptide on the interface model mimicking lower respiratory tract. To compare the penetration and internalization capacity of the delivery peptides, we have employed flow cytometry analysis as an examination of differences, but we need to emphasize that these observations can be considered qualitative information. Furthermore, using 3D spheroid EBC-1 cultures for mimicking lung tissue in vitro, we have shown that Dhvar4 has fair penetration ability and can be further used as a drug delivery peptide. We have also demonstrated that agarose based spheroid system is a simple assay for comparative penetration studies using confocal laser scanning microscopy images with line-scan analysis to quantify differences.

Investigation of the internalization mechanism is essential for the development of drug compounds against intracellular pathogens. Their composition, size, total charge, and conformation in combination with cell membrane properties rule the internalization processes. Endocytosis, an energy-dependent active type of internalization, is a complex process composed of several steps [detailed in (75)]. The direct membrane translocation, a single-step passive internalization process, can be employed by delivery peptides as an alternative to endocytosis. We assume that the success of INH-Dhvar4 conjugate against intracellular Mtb is based on the efficient internalization and distribution within the cytosol (Figures 5, 6).

Taken together, using this experimental setup as an assay platform, we significantly improved the evaluation process of drugs and drug conjugates. The applied in vitro MIC determination, selectivity and localization studies to elucidate efficacy and specificity, infected host model, coculture interface system on cell monolayers, and tissue-mimicking spheroids were suitable assays in order to find the most promising constructs for in vivo studies and for the rational design of delivery peptides targeting intracellular Mtb with superior tissue penetration ability. Prior to in vivo efficacy test, we have followed the recent principles of substituting animal toxicity experiments: (i) applying tissue-mimicking platform; (ii) interface assay; and (iii) using already available data. Employing these, it is possible to estimate the safe treatment dosages for the animals in the efficacy experiment. Therefore, in our study, we did not employ the conventional path for the in vivo toxicity study in order to decrease the number of animals, while remaining consistent to acquire valid results. There are similar antibacterial peptides with well-documented LD50 values and we could follow the 3R principle. Our focus in this study was to propose an assay platform rather than a drug candidate.
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Mycobacterium tuberculosis infects primarily macrophages in the lungs. Infected macrophages are surrounded by other immune cells in well organised structures called granulomata. As part of the response to TB, a type of macrophage loaded with lipid droplets arises which we call Foam cell macrophages. They are macrophages filled with lipid laden droplets, which are synthesised in response to increased uptake of extracellular lipids, metabolic changes and infection itself. They share the appearance with atherosclerosis foam cells, but their lipid contents and roles are different. In fact, lipid droplets are immune and metabolic organelles with emerging roles in Tuberculosis. Here we discuss lipid droplet and foam cell formation, evidence regarding the inflammatory and immune properties of foam cells in TB, and address gaps in our knowledge to guide further research.
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Introduction

Tuberculosis (TB) is a chronic infectious disease caused by the bacterium Mycobacterium tuberculosis (Mtb). TB mortality rates increase with weaker immune systems caused by comorbidities such as diabetes, acquired immune deficiency syndrome (AIDS), smoking, alcohol consumption, and undernutrition (WHO, Global Tuberculosis report 2020). TB is one of the deadliest diseases worldwide, especially in developing countries in communities with low income and poor nutrition. The WHO predicted that COVID will lead to a new TB crisis and anticipates an increase in TB deaths worldwide due to late diagnosis and treatment during peaks of the pandemic.

Macrophages are crucial in the response to Mtb and have the main role of containing and killing the pathogen. The main cytokine associated with Mtb killing and macrophage activation is IFN-γ. Other prototypic inflammatory cytokines such as IL-12, and the inflammasome regulated IL-1β and IL-18 are also associated with macrophage responses to Mtb. Despite activation programmes, Mtb infects and kills many macrophages, and the pathogen survives inside death resistant macrophages, which are not well defined. Mtb utilises several strategies to persist inside macrophages. For example the pathogen inhibits phagolysosome maturation and acidification by stopping translocation of enzymes, inhibition of lysosomal enzymes, and by depleting calcium and hydrogen ions required for the fusion of the lysosome with the phagosome (1).

Mtb infected macrophages orchestrate a pro-inflammatory response leading to granuloma formation. Through TLR and pattern recognition receptor mediated activation (2), Mtb also alters inflammatory pathways and oxidative stress, inducing various forms of cell death and autophagy (1). Thus, cell death and abundant cellular material are hallmarks of the Mtb infection. Foam cells represent a predominant macrophage phenotype observed in TB granulomata surrounding necrotic material.

Foam cell appearance is due to the presence of lipid droplets in the cytoplasm, which grow and are consumed by the cells, as required. Lipid droplets are numerous in macrophages, similar to droplets in brown and beige adipose tissue. TB foam cells share similarities with macrophages that appear in other lipid disorders such as atherosclerosis (also termed foam cells), but their contents in TB are predominantly triglycerides and not cholesterol. The link between this lipid rich profile and the conventional IFN-γ Th1-macrophage response necessary to control Mtb, is ill defined.

Granulomata (plural of granuloma) are organised cellular foci that contain infected macrophages, granulocytes and T lymphocytes, encased by a fibrotic ring. In vivo, the various stages of granuloma include nascent, caseous, fibrocaseous and resolved states. Despite such variety, granulomata are always dominated by macrophages. Granulomata with a Th1/M1-like profile have been proposed to control the disease, whereas a Th2/M2 rich profile is associated with exacerbation (3). TB foam cells are predominant features of advanced mycobacterial granulomata associated with caseation. The caseum contains an abundance of triacylglycerols, cholesterol, cholesteryl esters and lactosylceramide, which derive mainly from dead cells (4), becoming the predominant component of foam cells themselves.

Using TB+ human lymph node samples, Peyron et al. showed that foam cells are always close to the necrotic core with a strong correlation, and appear infected by Mtb, as confirmed by Ziehl-Neelson acid-fast bacilli (AFB) positive staining of tissue sections (5). In vitro, using PBMC activation assays, they found that Mtb and Mycobacterium avium, but not Mycobacterium smegmatis, induce foam cell formation, ascribed to the presence of Mycolic acids. However, the mechanism of foam cell formation and the nature of the lipids driving this process are not clear since they did not demonstrate reproducible Mtb replication in foam cells, and in bulk. They also showed bacteria inside large lipid droplets by electron microscopy, but the data need further verification due to the fusion of lipids in processing samples for EM, and the challenge of studying subcellular events with pathogenic bacteria.

We can learn from atherosclerosis and adipose tissue research, since lipid droplet proteins and mechanisms are somewhat conserved. Progression of granulomata to caseation is associated with upregulation of lipid handling proteins such as ADFP, required for droplet formation, Acyl-CoA Synthetase Long-Chain Family Member (ACSL1), involved in the de novo triglyceride synthesis pathway and the membranous lysosomal protein Saposin C (SapC), required to remodel the droplets (4). These three proteins involved in lipid metabolism were highly expressed in caseous and fibrocaseous granulomata. SapC was markedly positive in nascent granulomata, whereas ADFP was more prevalent in the foamy macrophage-rich centre of advanced disease, pointing to accumulation of lipid laden foam cells in granuloma formation, over time (4). LTA4H, which synthesises the proinflammatory mediator LTB4, is also highly expressed in the ring of foam cells. The interconversion between macrophages and foam cells and the migration and distribution of macrophages within granulomata deserve further scrutiny.



Biochemical Pathways Leading to Foam Cell Formation in TB

The main requirement for lipid droplet formation is the increase in neutral lipids in the cell. For uptake of exogenous lipid particles such as lipoproteins and fatty acid complexes, macrophages are equipped with a variety of receptors including scavenger receptors CD36, SR-A1, and SR-B1, the oxidized low-density lipoprotein receptor 1 (LOX-1), Macrophage receptor with collagenous structure (MARCO), the Fatty acid transport protein 1 (FATP1) and Lipoprotein lipase (LPL) (6). The interaction of macrophages with necrotic and apoptotic debris involves a distinct type of immune phagocytic synapse. Intracellular trafficking of fatty acid is supported by another group of proteins including the fatty acid binding proteins, FABP4 and FABP5 (7). CD36 is of particular interest due to its regulation and its role in the recognition of cellular debris, apoptotic cells, and oxidized LDL (oxLDL) (8, 9).

Lipid droplets accumulate in the endoplasmic reticulum as the neutral lipid content between leaflets of the ER membrane reaches a high concentration (10). Triglycerides and their components need to be synthesised in order for cells to accumulate lipid droplets in TB. Fatty acids are synthesized de novo or more likely, incorporated from the extracellular space, e.g. by lipolysis of lipoproteins and dead cell debris, Figure 1A. The process is actively controlled by multiple isoforms of lipid enzymes and accessory proteins reviewed in detail in (11). Internalised complex lipids are degraded to fatty acids by the action of lysosomal acid lipases (LAL) in phagolysosomes (6). Lipophagy degrades particles by various hydrolases into basic components such as amino acids, glucose, nucleotides and free fatty acids (12, 13). Engulfment of lipids from necrotic cells induces triacylglyceride (TAG)- enriched lipid droplets, whereas inhibition of necrosis by the oxidation inhibitor IM54 prevents lipid droplet accumulation. The source of lipid is mainly esterified-lipid of necrotic cells, first degraded by lysosomes then mobilised into TAG, since inhibition of lysosomal lipases by chlorpromazine (CPZ) prevents the transfer of labelled fatty acids of necrotic cells into the TAG of recipient cells (14). Figure 1B provides an overall picture of foam cell markers with high scavenger receptors CD36, CD163, TNF receptors and T cell response inhibitors, and decreased HLADR expression.




Figure 1 | Foam cells in TB. (A) Lipid droplet synthesis in macrophages can be triggered by external and internal stimuli. Extrinsic complex sources of lipids include phagocytosis of apoptotic or necrotic cells, or endocytosis, pinocytosis and receptor mediated uptake of lipoproteins. Simpler fatty acids can be transported by specialised machineries in the cell. Lysosomal activity and autophagy contribute to the degradation of accumulated lipid remnants in the cell to avoid lipotoxicity. Cytokines, hormones, growth factors and metabolic changes such as variations of glucose level, induce enzymes and proteins important for lipid synthesis and droplet stability. (B) Although there is no consensus, some markers appear repeatedly in Foam cell literature. Foam cells have been shown to have increased scavenger receptors- CD36, CD163, TNF-α/TRAF1,2, the inflammatory cytokine IL-6 and the inflammasome dependent IL-1β. The checkpoint inhibitor PDL1 has been shown as increased while the antigen presentation related HLA-DR as decreased. Upregulated markers are colour coded in red and downregulated in green. These and other markers can guide needed translational histological studies on foam cells in multiple species and cell line models. It is early to ascertain the true nature of foam cells in TB, and more research in primary models is necessary since THP1 and primary macrophages behave differently. See text for references.



Triacylglyceride synthesis (TAG) requires de novo fatty acid production from cytosolic citrate. This step is produced by the Krebs cycle from oxaloacetate and acetyl-CoA by citrate synthase (CS) and exported from mitochondria through the citrate carrier (CIC). Citrate is broken down by the ATP-citrate synthase-(ACLY), to oxaloacetate and acetyl-CoA which is then used as a substrate for fatty acid and cholesterol synthesis (15). The Fatty Acyl Co-A synthetase (ACS) catalyses the formation of a thioester bond between a fatty acid and coenzyme-A to form fatty Acyl Co-A. Through the successive enzymatic actions of glycerol-3-phosphate acyltransferase (GPAT), 1-acylglycerol-3-phosphate O-acyltransferase (AGPAT) and phosphatidic acid phosphatase (PAP), fatty Acyl Co-A is esterified with Glycerol-3-phosphate to form Diacylglycerol (DAG). In the final step, DAG is esterified to TAG by the Acyl-CoA: diacylglycerol acyltransferases-(DGAT1) and (DGAT2). DGAT1 is exclusively in the ER as a dimer or tetramer form, whereas DGAT2, in addition to the ER, localizes in droplets directly, as well as in mitochondria. DGAT1 preferentially uses exogenous FA while DGAT2 uses fatty acids of both exogenous and endogenous origin (16).

Specific to Mtb infection and inspired by the strong association between foam cells and necrotic areas, Jaisinghani et al. investigated the role of necrotic mixtures and their impact on inflammation, over all. In guinea pigs, they found foam cells close to necrotic areas and enrichment of the expression of TNF-α, in situ. In vitro, overexpression of DGAT1 in human THP1 cells lead to lipid droplet formation. Knockdown of DGAT1 by shRNA, lead to a decrease in TAG level with a concomitant decrease in quantity and size of lipid droplets in THP1 cells (14). Furthermore, inhibition of DGAT1 by its inhibitor T863 established in (17), precluded lipid droplet formation in IFN-γ activated and Mtb infected bone marrow derived mouse (BMDM) and human macrophages (18). Surprisingly, the key step controlled by fatty acid synthase (FASN), was downregulated in IFN-γ activated and Mtb infected macrophages. However, this did not affect droplet formation, which suggests that TAG synthesis and not the de novo synthesis of fatty acid is a major contributor to lipid droplets in Mtb infected macrophages (18).

Acetyl-CoA levels are also regulated by the rate-limiting enzymes Acetyl-CoA carboxylase (ACC1 and ACC2). ACC1 is cytosolic and regulates de novo fatty acid synthesis, while ACC2 is mitochondrial and is involved in fatty acid oxidation. De novo fatty acid synthesis has been shown to be increased in Dendritic cells (DCs) and macrophages in response to M bovis BCG, but in this model ACC1 or ACC2 inhibition in murine DCs and macrophages was not required to control infection (19). In CRISPR/Cas9 knock down experiments performed on ACC1 and ACC2 in BLaER1 cells (a human B and macrophage-like cell line), inhibition lowered foam cell formation and TAG levels in infected macrophages, while enhancing mitochondrial activity and limiting Mtb-induced necrotic cell death of macrophages (20). Mtb growth in ACC2, but not in ACC1 deficient cells was reduced compared to wild-type cells.

Of interest, Brandenburg et al. recently described an association between ACC2 and the Wnt family member 6 (WNT6). Immunohistochemical staining of human TB infected lung showed colocalized expression of WNT6 which correlated with Oil Red O signal. A similar colocalization was observed in the infected lungs of IL-13- overexpressing mice. WNT6- supported ACC2 activity increased intracellular TAG levels and Mtb survival in macrophages. A combination of ACC2 inhibitors with isoniazid improved the clinical outcome and reduced Mtb dissemination in mouse models of infection (20).

Although Foam cells in TB are predominantly TG rich, there are other components which are essential for any cellular membranes or droplet. Cholesterol esters are another component of droplets, generated by acyl-CoA: cholesterol O-acyltransferase (ACAT1 and ACAT2). The role of both enzymes is to process free cholesterol, derived from the diet or from endocytosed complex particles. ACAT1 and ACAT2 deficiency causes ER stress due to excess cholesterol (21, 22). ACAT1 is ubiquitous and abundant in macrophages, while ACAT2 is mainly expressed in hepatocytes and enterocytes in liver and intestine in the steady state (23). Both enzymes ACAT1 and ACAT2 are regulated by monocyte maturation into macrophages (24). ACAT2 positive macrophages appear in skin TB and sarcoidosis, among other pathologies (24). Recently, Genoula et al. found increased expression of CD36 and ACAT1 in human monocyte derived foam cells developed after exposure to TB-Pleural Effusions. This effect was IL-10 dependent (25). IL-10 activated STAT3 in these cells, which also bore high bacillary loads and showed an immunosuppressive phenotype as demonstrated by decreased production of TNF-α (25). We postulate that the inflammatory potential of foam cells might be a spectrum regulated by differences in TG and cholesterol accumulation.



Foam Cells in TB Inflammation

Mtb interacts with a variety of macrophage receptors. Mycolic acids do not seem to form the bulk of the lipids of the foam cell, but they may play a role in foam cell formation and function by regulating lipid-related genes downstream of TLR and scavenger receptor pathways. For example, TLR2, CD14 and MARCO are required for murine and human macrophage cytokine responses to mycobacterial trehalose dimycolate and Mycobacterium tuberculosis (2). Mtb mannose-lipoarabinomannan (Man-LAM), lipomannan (LM), and mannosylated glycoproteins also interact with C-type lectin receptors (CLRs) such as Dectin-1, Mannose receptor, and DC-SIGN. Intracellular Nod-like receptors (NLRs) also participate in Macrophage recognition within the innate response to Mtb, reviewed in (26). Engagement of all these receptors can induce activation of intracellular kinases and of NF-kB and other inflammatory transcription factors, as well as lipid related PPAR receptors, leading to cell death and inflammation or survival and persistence, involving inflammatory cytokines and lipid related proteins.

An interesting autocrine loop mediated by TLR2 controls lipid droplet formation and TNF-α secretion by BCG-infected mouse peritoneal macrophages (27, 28). TLR2 stimulation by BCG triggers expression and activation of PPARγ and NF-kB. Inhibition of PPARγ by GW9662 inhibits droplet biogenesis, while inhibition of NF-kB by JSH-23 does not have any effect on lipid droplet accumulation (28). PPARγ- dependent lipid droplet accumulation depends on cooperation between TLR2 and CD36 with disruption resulting in the reduction of lipid droplets (28). Competition between the bacterium and the lipid ligands for CD36 and MARCO may bring about special signalling in foam cells, hitherto undefined.

Cytokines such as TNF-α act in an auto- and paracrine manner to promote droplet formation in Mtb infected human macrophages. TNFα recognition at the cell surface activates mTORC1 (mTOR complex 1) and caspase 8, which enhance lipid droplet formation by inhibition of lipophagy, promotion of mitochondrial dysfunction, and by activation of SREBP involvement in TAG synthesis (29). Furthermore, IL-10 in TB-PE promotes foamy phenotype in macrophages by activating STAT 3 (signal transducer and activator of transcription 3) which in turn upregulates the expression of ACAT, leading to cholesterol accumulation in lipid droplets (25). Additionally, foam cells also show enhanced expression of CD36, required for the import of extracellular lipid.

In vitro, using human monocyte derived macrophages, we found that foam cell formation prevented cells from dying. This may be due to activation of inflammasome versus death pathways in foam cells. In THP1 cells, which are more resistant to infection than primary macrophages, foam cells displayed an increased production of inflammatory cytokines including TNF-α, IL-1β, and an increased IL-1β/IL-10 ratio, compared with macrophages. Increased TNF-α secretion in response to Mtb infection of oleic acid-derived-THP-1-foam cells, involved the NF-κB pathway (30).

Foam cells can function as factories of inflammatory eicosanoids, producing arachidonic acid (AA)- derived eicosanoids such as prostaglandins, leukotrienes, thromboxanes, lipoxins, and related oxygenated lipid species, pro- or anti-inflammatory in nature. They can also produce resolvins and the balance between pro- and anti-inflammatory lipid mediators influences the outcome of infection. Lipid droplets are sites for many of the AA enzymes including cyclooxygenases and lipoxygenases. Specific GPCRs (G protein coupled receptors) sense these inflammatory lipids which act in a paracrine or autocrine manner. Examples include receptors for prostaglandin E2 and D2, leukotriene B4 and lipoxin (31). Fatty acids and leukotriene B4 bind directly to PPARα and PGJ2. Some derivatives of HETE bind PPARγ and modulate their effect on lipid metabolism (32). During Mtb infection, it has been demonstrated that pharmacological inhibition by both mepenzolate bromide (MPN) or siRNA, mediated reduction of GPR109A in THP-1 macrophages, resulting in less droplet formation and reduced bacterial loads (33). Infection of macrophages with Mtb or activation by ESAT-6, a virulence factor of Mtb, induces ketone body formation. Acetyl Co-A can be metabolised into 3HB (D-3-hydroxybutyrate) which activates GPR109A in a paracrine or autocrine manner to promote lipid droplet accumulation by exerting an antilipolytic effect (33). Fatty acids, intermediates of TAG synthesis such as diacylglycerol (DAG) and monoacylglycerol (MAG), acyl-coenzyme A and phosphatidic acid, are all potential signalling molecules in immunity (34).



Final Considerations and Conclusions

The designation “foam cells” covers a range of storage, genetic, metabolic, inflammatory and infectious conditions. In this review we briefly covered the lipid content and metabolism associated with macrophage foam cells in TB. The roles of lipids in pathogenesis of florid, subclinical and latent disease are still poorly defined, nor do we have insights into their contribution to the hallmarks of granuloma formation such as Langhans giant cell formation, macrophage inflammasome and antimicrobial activation, epithelioid cell transformation and the induction of life threatening systemic acute and chronic inflammatory syndromes.

This review sets the stage for further studies of lipid metabolism in TB by temporal and spatial analysis of single cell gene expression in situ, exemplified by the recent publication by Russell and colleagues where both susceptibility of the macrophage to infection and the metabolic state of the bacterium were used as important variables in a single cell RNAseq study (35). Combined with the resurgence of interest in immunometabolism, the availability of human and experimental material will transform our understanding of the molecular and cellular mechanisms at play, the basis for improved therapy. To date the most convincing data emerge from studies that address human pathology, thus more efforts at obtaining samples should be made worldwide.

It remains to establish whether foam cell formation is a beneficial host response to Mtb infection, or another of the mechanisms Mtb uses to survive inside the cells by controlling their metabolic environment. Numerous studies suggest that Mtb can access host TAG and sequester it in the form of intracytoplasmic lipid inclusions (ILI) during persistence, as a source of carbon and energy (36, 37). Moreover, Mtb can also metabolize host membrane cholesterol for energy production and to maintain microbial cell wall components during persistence in IFN-γ activated macrophages, as in chronic animal models of infection (38).

A red flag arises when we see that for host lipid acquisition, Mtb upregulates many genes involved in lipid metabolism including Tgs-1, Ppe4- a perilipin like protein- involved in TAG synthesis, and Mce1, Mce4, LucA, OmamB, Mce1D, MceG, and rv0966c-, contributing to lipid import (36, 38–42). Mtb itself also expresses many genes involved in lipid hydrolysis such as lipY, Msh1, lipF, lipH, lipJ, lipK, lipN, lipV, lipX, lipY, culp5, culp7, and culp6, which may contribute to the breakdown of host lipid (40, 43, 44). Studies indicate that apart from using lipid as energy source, Mtb also utilises lipid for the synthesis and maintenance of its cell wall, largely consisting of lipids including mycolic acid, phiocerol-dimycoseroic acid, poly-acylated trehaloses and sulfolipids (37, 45).

The reason why only some macrophages undergo foam cell formation in the same environment where other macrophages differentiate towards epithelioid and giant cells, is unknown. To date there is no information about the developmental origin of foam cells in Mtb and the fact that foam cells form in many locations in the body would suggest a general tissue macrophage property or a feature of recruited blood monocytes in particular. In the lungs of TB patients, foam cells could originate from alveolar, interstitial, or recruited monocyte-derived macrophages, or specific subsets of these. The cell- specific phenotype, not necessarily their origin, was implicated by Ordway et al. who showed high expression of DEC-205 and TRAF1,2, 3, (TNFR-associated factors) in foam cells, the latter associated with resistance to apoptosis (46). Further research into the origin of foam cells in the lung and lymph nodes will be important.

There are reports which demonstrate that infected foam cells can leave the alveoli and reach the upper bronchus by the propelling movement of mucus, from where they can be swallowed or expectorated (47), thus facilitating Mtb dissemination and spread. During regression of atherosclerosis, foam cells may acquire characteristics of DC, shown by upregulated expression CCR7 allowing them to migrate to lymph nodes (48). In post-primary TB showing extensive lipid pneumonia, infected foam cells are prominent in exudates from disrupted granulomata, as well as in the lung alveoli, and Mtb organisms are found in close association with lipid droplets (5, 49).

Proteomic analysis of granulomata is also highly informative. Colocalization of LTA4H with TNFα predominantly in the marginal area of caseum suggests a strong association of these factors in inflammation and tissue necrosis (50). LTB4 and enzymes ALOX5, ALOX5AP, and LTA4H were more pronounced in the caseum, as well as in the cells adjacent to the caseum. Their expression diminished as the distance from the necrotic centre increased. They further observed that prostanoids and COX1 and COX2 were prominently located in the surrounding cells and less prevalent in the necrotic core. Establishing co-expression of lipid handling molecules, with lipid droplet positive macrophages, and the balance of pro and anti-inflammatory lipids in the foam cell reaction to Mtb, will be important. Development of proteomics and lipidomics applied to TB, will help this subject to progress. The main challenge for now is developing robust human and humanised models that enable investigators to extract and work with these labile cells, developing phenotypic markers for their characterization in combination with infection readouts to establish bona fide Foam cell functions.
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Recent evidence suggests that several cattle breeds may be more resistant to infection with the zoonotic pathogen Mycobacterium bovis. Our data presented here suggests that the response to mycobacterial antigens varies in macrophages generated from Brown Swiss (BS) and Holstein Friesian (HF) cattle, two breeds belonging to the Bos taurus family. Whole genome sequencing of the Brown Swiss genome identified several potential candidate genes, in particular Toll-like Receptor-2 (TLR2), a pattern recognition receptor (PRR) that has previously been described to be involved in mycobacterial recognition. Further investigation revealed single nucleotide polymorphisms (SNP) in TLR2 that were identified between DNA isolated from cells of BS and HF cows. Interestingly, one specific SNP, H326Q, showed a different genotype frequency in two cattle subspecies, Bos (B.) taurus and Bos indicus. Cloning of the TLR2 gene and subsequent gene-reporter and chemokine assays revealed that this SNP, present in BS and Bos indicus breeds, resulted in a significantly higher response to mycobacterial antigens as well as tri-acylated lipopeptide ligands in general. Comparing wild-type and H326Q containing TLR2 responses, wild-type bovine TLR2 response showed clear, diminished mycobacterial antigen responses compared to human TLR2, however bovine TLR2 responses containing H326Q were found to be partially recovered compared to human TLR2. The creation of human:bovine TLR2 chimeras increased the response to mycobacterial antigens compared to the full-length bovine TLR2, but significantly reduced the response compared to the full-length human TLR2. Thus, our data, not only present evidence that TLR2 is a major PRR in the mammalian species-specific response to mycobacterial antigens, but furthermore, that there are clear differences between the response seen in different cattle breeds, which may contribute to their enhanced or reduced susceptibility to mycobacterial infection.
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Introduction

Early recognition of pathogens and activation of the innate immune response is critical in determining the outcome of infection. Pathogens are recognized by evolutionary conserved, germline-encoded and cell-surface expressed pattern recognition receptors (PRR) (1). One of the major groups of PRRs are the toll-like receptors (TLR), ten of which have been discovered common to both bovine and human immune systems (2–5), and are expressed on myeloid antigen presenting cells such as macrophages (MØ). Each of these TLR has evolved to recognise specific pathogen associated molecular patterns (PAMP) – and docking of these ligands to the extracellular domain (ECD) of the TLR triggers an intracellular signalling cascade (6). This signalling is mediated by the recruitment of adaptor proteins to the intracellular Toll/interleukin-1 receptor homology (TIR) domain of the TLR (7, 8). While the amino acid sequence of the ECD varies considerably between species (9), the TIR domain is highly conserved (7, 9).

Although TLR4, and possibly TLR9 and TLR8 are capable of sensing mycobacteria (10–12), recognition of mycobacterial antigens by TLR2 has been shown to be a key factor in determining disease progression in tuberculosis (12–15) (14, 16–18). TLR2 recognizes a range of mycobacterial cell-wall antigens including the 19 kDA mycobacterial lipoprotein and glycolipids such as lipoarabinomannan (LAM), lipomannan (LM), the 38 kDA antigen, LprG lipoprotein and phosphatidylinositol mannoside (PIM) (11, 19, 20). Additionally, secreted mycobacterial proteins have been shown to act as TLR2 ligands. For instance, the well-studied virulence factor ESAT-6 has been shown to inhibit NF-κB activation in a TLR2-mediated manner (21). Similarly, recombinant antigen TB10.4 from M. bovis, encoded by a subfamily of ESAT-6 and also present in M. tuberculosis and M. bovis BCG (22), has been shown to induce pro-inflammatory cytokine production via a TLR2 mediated NF-κB pathway (23).

Engagement of TLR2 by mycobacteria can result in complex outcomes that can either promote or inhibit a protective inflammatory response. For example, TLR2 activation can result in the upregulation of pro-inflammatory cytokines including IL-1β, TNFα and IL-6 as well as reactive oxygen species (ROS) production through activation of NF-κB and MAPK pathways (24–26). Furthermore, TLR2 signalling regulates the expression of iNOS, which interacts with NADPH oxidase and ROS to create reactive nitrogen intermediates (27, 28) and can induce autophagy (29) - all essential mechanisms in cellular host defence to mycobacterial infection (30, 31). On the other hand, engagement of TLR2 by the secreted mycobacterial antigens heat-shock protein (hsp) 60 and proline-proline-glutamic acid (PPE)18 initiates an anti-inflammatory response via IL-10 production (32, 33). In addition, ESAT-6 has been shown to inhibit IL-12 production upon binding to TLR2 in RAW cells (21). Further immunomodulatory mechanisms of some mycobacterial species include the inhibition of MHC II receptor expression and therefore presentation of mycobacterial lipoprotein antigens (34, 35). Thus, mycobacteria can utilise TLR2 to manipulate the immune outcome and promote survival (15, 36) (13, 14, 19, 21, 29, 36).

Given the importance of TLR2, it is perhaps not surprising that polymorphisms within the TLR2 gene have been shown to affect the immune response to mycobacterial infection in both humans and cattle (18, 29, 32, 33, 37, 38) (12, 14),. In humans, the R753Q and R677W mutations have been shown to influence susceptibility to tuberculosis in case-control studies (37, 39). Furthermore, the R753Q SNP was also shown by Pattabiraman et al. (40) to result in impaired NF-κB signalling and decreased cytokine responses to M. smegmatis in a murine and Human Embryonic Kidney (HEK) 293 cell assay. Similar as in the human system, several SNPs have also been identified within the bovine TLR2 orthologue. Some of these have been indicated to contribute to disease susceptibility in cases of paratuberculosis (41), clinical mastitis (42, 43), and bovine tuberculosis (44–46). SNPs occurring between cattle breeds may reflect natural variation arising from host-pathogen co-evolution in different geographical environments, but may also be influenced by intensive selective breeding that favours meat or milk production (9, 47). Characterisation of SNPs arising in TLR2 among commercially important breeds is therefore a crucial contribution towards understanding immune fitness variation among herds and potentially, disease sensitivity. While some SNPs within the bovine tlr2 gene have previously been identified, studies of their functional relevance are often lacking. In the present work, we compare the tlr2 sequences of two breeds of global importance to the farming/dairy industry, Brown Swiss (BS) and Holstein Friesian (HF) and determine the genotypic frequency of a H326Q SNP that occurs in the ligand-binding region of the ECD. We report on the species- and breed- specific phenotypic consequence of this mutation in response to canonical TLR2 ligands and in the context of challenge with M. tuberculosis and M. bovis. We present evidence that TLR2 is a major PRR in the mammalian species-specific response to mycobacterial antigens, that there are clear differences in species-specific responses that may influence disease susceptibility and host tropism of Mycobacterium tuberculosis complex members.



Methods


Mycobacterial Strains and Culture

The following strains were used for all assays as indicated: M. bovis strain AF2122/97 and M. bovis BCG Tokyo; M. tuberculosis H37Rv. Strains were cultured in BD Middlebrook 7H9 media (BD Difco™, USA), supplemented with OADC and 0.05% Tween 80 (Sigma-Aldrich, UK). For M. bovis culture only, growth media was additionally supplemented with sodium pyruvate; for M. tuberculosis culture only, media was additionally supplemented with glycerol (Sigma-Aldrich, UK).



Brown Swiss Genome Assembly and QC

Four lanes of 10x Genomics data were generated using an Illumina HiSeq. This provided ~1200 million reads with a 150bp read length. The data was assembled de novo using the 10x Genomics assembly tool Supernova v2.0.1, using the option to output a phased genome, which generates two homologous assemblies where each scaffold in the assembly has one of the paternal or maternal haplotypes (48). Using one of the haplotypes, we used RepeatMasker, using ‘bovidae’ as the repeat library to soft-mask repeat regions in the assembly (49). We tested the assembly for completeness using several quality control metrics. First, BUSCO (v5.0.0) was used to identify the number of mammalian single-copy orthologs present in the genome (using the database mammalia_odb10) (50). Using the Kmer Analysis Toolkit, we examined the content and distribution of kmers in the assembly to that of the reads using the tool ‘kat comp’, ignoring the first 16 bases of each R1 read in order to omit 10x barcodes from the analyses. We then visualised the distribution of kmers using the tool ‘kat plot’ (51).



Brown Swiss Genome Annotation and Gene Expansion

The LiftOff tool was used to lift over the B. taurus genome annotation (ARS-UCD1.2.103) to that of the Brown Swiss, noting any genes that were unmapped in Brown Swiss (52). We then identified genes in the Brown Swiss genome annotation that were present in multiple copies (compared to B. taurus ARS-UCD1.2.103) and downloaded the functional information for these genes using ENSEMBL BioMart database (53). For genes annotated as being duplicated three or more times and where a gene name or description was missing, we downloaded the coding sequence for that gene and used megablast to search the NCBI nr database and noted the highest scoring hit (with 100% query coverage and an E-value equal to 0), that contained functional information about the gene (i.e., disregarding hits for clones, BACs, isolates, etc.).



Study Population for Candidate Gene TLR2 Analysis

Complementary DNA (cDNA) from TLR2 mRNA sequences isolated from PBMCs from six clinically healthy pedigree BS and four HF were investigated for sequence comparison. All cows were female and housed under Home Office License PPL7009059. Age and lactation cycle of sampled cows were recorded. After identification and selection of candidate SNP H326Q within the coding sequence (CDS) of TLR2 in the BS samples, further cDNA was generated from nine BS and 13 HF PBMC samples from the above-mentioned farms to be assessed for the presence of this SNP. Additionally, 17 Sahiwal and 17 Boran cDNA samples were kindly provided by Drs Thomas Tzelos and Tim Connelley (both The Roslin Institute, University of Edinburgh, UK) for TLR2 SNP analysis.



PBMC Isolation and Macrophage Maturation

Blood for peripheral blood mononuclear cells (PBMC) isolation and subsequent macrophage (MØ) generation was collected from clinically healthy pedigree HF and BS cows. All procedures were carried out under the Home Office license (PPL7009059) approved by the RVC’s AWERB Committee. Blood was drawn into sterile glass vacuum bottles containing 10% v/v acid citrate and centrifuged to separate the buffy coat, which was then diluted in phosphate buffered saline (PBS, Thermo Fisher Scientific, UK) with 2% foetal calf serum (FCS, Sigma-Aldrich, UK). Lymphoprep (d = 1.077 g mL-1, StemCell Technologies ™, Canada) was underlaid and PBMC were isolated by density gradient centrifugation. PBMC were washed and red blood cells lysed, resultant cells were cultured in RPMI 1640 with GlutaMAX™ (Gibco, UK), supplemented with FCS (Sigma-Aldrich, UK) and penicillin/streptomycin (Thermo Fisher Scientific, UK) at 37 °C with 5% CO2. To derive MØ, PBMC were incubated additionally with 10% filtered L929 supernatant. Media was replaced after three days and adherent cells were harvested after 6 days. Matured MØ were phenotypically assessed by flow cytometry using antibodies specific for bovine cell surface expressed markers including CD14, CD16, CD32, CD11b, CD80, CD163 and MHC class II. All antibodies and isotype controls were purchased from Bio-Rad, UK (Table 1). Data were acquired using a FACS Calibur (BD Biosciences, UK) with Cell Quest Pro software (BD Biosciences, UK), counting 10,000 events. Data was exported as FSC files and analysed using FlowJo V10 (FlowJo LLC, USA).


Table 1 | Antibodies used in this study.





RNA Extraction and cDNA Synthesis

For sequencing and cloning of the tlr2 gene, total RNA was isolated from bovine PBMC using a RNeasy Mini kit (Qiagen, UK) with on-column gDNA digestion (DNAse from Ambion, UK) according to the manufacturer’s instructions. Total RNA was reverse transcribed to cDNA using iScript cDNA Synthesis Kit (Bio-Rad, UK) according to the manufacturer’s instructions. cDNA samples were checked for concentration and purity via the A260/280 ratio using a Nanodrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, UK). A RT-negative control of each RNA sample was analysed by polymerase chain reaction (PCR) for expression of β-actin to confirm lack of gDNA contamination of RNA.



Cloning and Sequencing of tlr2

Full length tlr2 sequences were amplified using primers designed using Primer-BLAST (NCBI, USA) and Primer3Plus (Table 2) (187) based on bovine genome Bos_taurus_UMD_3.1.1 (NCBI, USA) as reference. PCR reactions were performed using Easy-A High-Fidelity PCR master mix (Agilent Technologies, UK) on a Mastercycler Pro Thermal Cycler (Eppendorf, UK). Following amplification, the PCR products were purified using the MinElute PCR purification kit (Qiagen, UK) according to the manufacturer’s protocol. For TA cloning of full length bovine tlr2 into the pDrive plasmid (Qiagen, UK) or pGEM-T plasmid (Promega, UK), manufacturer’s instructions were followed. Plasmids were transformed into NEB® 10-beta competent E. coli (New England Biolabs, UK) and colony PCR performed to verify the presence of the tlr2 insert. Sequences were validated using Sanger sequencing; DNA sequencing was performed by DNA Sequencing & Services (MRC I PPU, School of Life Sciences, University of Dundee, Scotland, www.dnaseq.co.uk) using the corresponding vector-specific sequencing primers. A minimum of 4 different plasmids derived from unique colonies were sequenced for each animal. Bovine TLR2 contigs were assembled using the bovine TLR2 sequence Bos taurus Hereford breed NM_174197.2 (NCBI, USA) as a reference. TLR2 nucleotide sequences were translated into corresponding amino acid sequences and aligned in CLC Main Workbench V7.6.4 (CLCbio, Denmark). Detected SNPs were classified according to the dbSNP database (NCBI, USA). Analysis of SNP data was curated and as at present, the NCBI dbSNP database contains only human data, allele changes, CDS position and function of each SNP was manually cross-checked and referenced against Ensemble and the European Variation Archive (EVA).


Table 2 | Primer names for PCR reactions.





Expression of TLR2 by HEK 293T (SEAP) Cells

The Human Embryonic Kidney (HEK) 293T cell line, stably transfected with the gene encoding NF-κB inducible secreted embryonic alkaline phosphatase (SEAP), was cultured SEAP media as described recently (54). Bovine or human TLR2 sequences of interest were cloned into pcDNA3.3 TOPO TA mammalian expression vector (Thermo Fisher Scientific, UK), and transfected into SEAP HEK cells using TurboFect transfection reagent (Thermo Fisher Scientific, UK) according to the manufacturer’s protocol. After 24 h, cells were counted and re-seeded in triplicates in a 96-well plate to rest for another 24 h before either evaluation of transfection efficiency or stimulation with various agonists. Surface expression of TLR2 was confirmed by flow cytometry using either human anti-bovine CD282 (anti-TLR2) antibody or mouse anti-human CD282 antibody, both conjugated with Alexa Flour 647 (Bio-Rad, USA). HuCAL Fab-dHLX-MH Ab (Bio-Rad, USA) was used as a negative control as recommended by the manufacturer.



Stimulation Assays

We recently described the SEAP assay and the correlation between SEAP and CXCL8 production in detail (54), see also Supplementary Figure 2. In brief, SEAP HEK cells expressing TLR2 constructs, or PBMC-derived bovine MØ were specifically stimulated using 100 ng mL-1 diacylated FSL-1 (a TLR2/TLR6 antagonist; In vivogen, USA); 1 mg mL-1 of Pam3CSK4 (a TLR2/TLR1 antagonist, In vivogen); 19 kDa lipoprotein antigen (represents Rv3763 or Mb3789) (EMC microcollections, Germany), M. bovis BCG (MOI of 10) or MTB H37Rv at (MOI of 5). The direct NF-κB activator phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, UK) was used at 200 ng mL-1 as a positive control. Sterile culture media and mock transfection with an empty vector plasmid were used as negative controls. Supernatants were harvested for CXCL8 ELISA as described by Cronin et al. (55) for bovine MØ, or Quantikine Human CXCL8 ELISA kit (R&D Systems, USA) for human MØ, or colorimetric SEAP assay from HEK cells. SEAP activity as induced by NF-kB activation was assessed by the addition of pre-warmed Quantiblue reagent (In vivogen, USA) followed by incubation for 24 h at 37°C. For both assays, optical density was measured using a SpectraMax M2 spectrometer (Molecular Devices, UK).




Results


Brown Swiss Genome Assembly and QC

We used the 10x Genomics tool Supernova to assemble a haplotype-phased Brown Swiss cow genome. After trimming, the mean read length was 138.5 bases, with a raw read coverage of 59.64. The genome size was calculated to be 2.66Gb (of which 98.08% of the genome was present in scaffolds >10Kb) with a contig N50 of 523Kb and a scaffold N50 of 26Mb (Supplementary Table 1). We used BUSCO to identify reconstructed single copy orthologs. From 9226 BUSCO orthologs 95.2% were recovered, 93.1% were single-copy, 2.1% were duplicated, 1.5% were fragmented, and 3.3% were missing. We used KAT to examine the distribution of kmers in the assembly to that in the reads (Figure 1, red distribution). The genome shows a normal distribution of kmers found once in the assembly and once in the reads. It also shows a number of low frequencies kmers (black peak between 0-10) present in the reads, but not in the assembly that most likely represent sequencing errors removed from the assembly. This continues into a shallow distribution of kmers missing from the assembly (black distribution between 10-40), which most likely represents haplotypes found only in the alternate phased assembly.




Figure 1 | Distribution of kmers. One haplotype of the Brown Swiss genome compared to that of the complete read set (minus 10x barcodes). The red distribution signifies the distribution of read-kmers found only once in the assembly and the black distribution signifies the distribution of read-kmers not found in the assembly (mainly sequencing errors and haplotypes present in the alternate phased assembly).





Brown Swiss Genome Annotation and Gene Expansion

We noted genes that were missing and duplicated in the Brown Swiss genome, ordering the duplicated genes in order of the most numerous duplications (Supplementary Table 2). We note that all genes annotated as having five or more copies belonged to one of five genes. Three of these genes were repeat/transposon related genes. The remaining two genes were a predicted Bos indicus x Bos taurus elongation factor 1-alpha 1 pseudogene (6 copies), and the Bos taurus T cell receptor gamma cluster 1 (TCRG1) gene (128 copies).



Identification of Single Nucleotide Polymorphisms (SNPs) Within Bovine tlr2 Between Cattle Breeds

TLR2 is an important PRR involved in the recognition and uptake of MTBC family members. Key SNPs in TLR2 have been identified that affect susceptibility to mycobacterial infection for both humans and cattle (56, 57). The CDS of the bovine tlr2 gene of six BS and four HF cattle were cloned and compared to the bovine NCBI reference sequence genome (RefSeq) comprised of that of a B. taurus Hereford breed bull (NM_174197.2, NCBI, USA, accessed April 2017) in order to identify potential functional SNP sites. A total of 19 SNP variants were detected across the breeds, comprising both synonymous and missense mutations (Table 3). Of the eight missense mutations, seven occur in the ECD region of TLR2 and one in the TIR domain. One synonymous SNP at mRNA position 202 could not be classified with any available database, was described by Jann et al. (47) and is potentially novel. This position was called as ‘A’ in Water Buffalo, ‘G’ in BS and B. taurus, and ‘R’ (purine = G/A) in B. indicus, thus potentially indicating the presence of a heterozygous allele in B. indicus. Of all SNPs identified across the breeds, two of the non-synonymous SNPs have been already reported in the literature (44, 47, 56) and were only observed in the BS animals. One identified SNP variant, rs55617172, leading to an amino acid change of aspartic acid (D) to glutamic acid (E), both negatively charged, at amino acid position 63, has been significantly associated with TB resistance in a TB case- control cattle study (44). However, SNP rs68343167, was only identified in BS isolates in this study, and results in an amino acid change of the positively charged histidine (H) to the uncharged glutamine (Q) at amino acid position 326 (H326Q). This amino acid position has been suggested to be of relevance for ligand binding and functionality of human TLR2 (47, 58), bovine TLR2 and was additionally identified in the Anatolian Black Bos taurus breed (56). In addition, position 326 resides in leucine rich repeat 11 (LRR11) which together with LLR12 are the key domains involved in ligand biding and heterodimerisation of TLR2 with TLR1 and TLR6 (58).


Table 3 | Identified SNP variants within the coding sequence of bovine tlr2 in HF and BS breeds animals.





Genotype Frequency Analysis of Candidate SNP H326Q in Selected Cattle Breeds

Having identified multiple SNPs within the coding sequence of tlr2 gene across breeds compared to the RefSeq genome, SNP rs68343167 (H326Q) was selected for further investigation using a larger sample size, including cDNA from two additional breeds, Boran and Sahiwal, from the B. indicus species. A total of 66 cDNA samples (Brown Swiss n=15, HF n=17, Sahiwal n=17, Boran n=17) were assessed for H326Q SNP analysis and frequency analysis (Table 4). The reference codon at the site of interest is encoded by the CAT sequence (TT genotype). Individual animals carrying the SNP had either heterozygote codons (TA genotype), encoded by either CAT or CAA, which is responsible for the H326Q variant; or they were homozygote for the CAA sequence (AA genotype).


Table 4 | Genotype frequency of Bos taurus and Bos indicus cattle breeds for TLR2 selected candidate SNP rs68343167 (H326Q).



Interestingly, all HF samples tested as part of the present study were homozygous for the B. taurus Hereford RefSeq (TT genotype). Of the BS samples, six samples were homozygous for the RefSeq sequence, whereas the majority (n=9) were found to be heterozygous (TA genotype), containing both, the RefSeq sequence and the H326Q SNP. Of the Bos indicus breeds, the Boran samples revealed two samples homozygous for the RefSeq sequence, eight heterozygous and seven homozygous for the SNP. Thus, the heterozygote genotype was most abundant in the BS and Boran population. All Sahiwal samples (n=17) were homozygous for the SNP variant (AA genotype).

Alignment of TLR2 transcripts revealed additional SNP sites unique to BS, BS and B. taurus as well as B. indicus. Of note are positions H326Q as reported here and by others, as well as positions 417, 563 and 665; these latter 3 amino acid positions are particularly interesting as like H326Q these SNPs were found to introduce identical residue changes to our full length TLR2 analysis. Further, these SNPs were found to be present in BS cattle investigated (Table 3) but not present for HF cattle suggesting a role for genotype impact as found for H326Q. Position 417 and 665 are noteworthy, belonging to LRR15 and the TIR domain respectively. As LRR15 is close to the LRR regions thought to be involved in dimerization of TLR2 with co-receptors this SNP may play a role in effective PRR dimers forming. As the TIR domain is crucial for receptor dimerization of TLR cytoplasmic domains as well as signal potentiation; SNP H665Q may also modulate functional responses of TLR2.

On establishing distinct genotypes for the H326Q SNP in a range of cattle species (i.e., HF = TT, BS and Boran = TA and Sahiwal = AA), we assessed in the next step this association with TLR2 gene models and global sequence alignments. From the genotype analysis BS and Boran cattle represent an intermediate between the genotype extremes, perhaps representing genomic heritage; for example, Boran cattle are predominantly B. indicus with underlying influences of European and African B. taurus (59, 60). TLR2 gene models comparing the BS genome to B. taurus, B. indicus and B. bubalis (water buffalo) highlights an alignment of BS with B. taurus as TLR2 is derived from a single transcript in both breeds (Supplementary Figure S3). Highlighting the heterozygous genotype of BS cattle, BS resembled B. taurus at H326Q within LRR11 of the extracellular domain of TLR2 (Supplementary Figure S4) when the CDS of each possible TLR2 transcript was aligned to the three cattle species, Interestingly, additional sites where the BS and B. taurus sequences differed from B. indicus where I211V, F227L and R337K. Positions 211 and 337 were identified from the initial TLR2 sequencing described above.



The Brown Swiss H326Q TLR2 Polymorphism Induces a Stronger NF-κB Response After Ligand Binding Compared With Hereford and Holstein Friesian TLR2

Having identified the H326Q candidate SNP and its representation in the present study population of different cattle breeds, specifically in the BS population, the potential impact of this SNP on boTLR2 function in this breed was assessed. We utilised a previously published HEK cell assay to express the different TLR2 constructs in the absence of additional PRR (54). As well as the BS H326Q TLR2 variant, we included the Hereford reference variant and a L306P SNP variant that has been identified by others (47, 56) but not identified in the present study. We were also interested to assess the functionality of TLR2 across species, and therefore included the huTLR2 reference sequence (NCBI RefSeq Accession Number NG_016229.1). Furthermore, novel chimeric TLR2 constructs featuring the ECD of huTLR2, with the TIR domain of boTLR2 were created to delineate the contribution of each component to TLR2 functionality.

To confirm that the different TLR2 constructs were similarly expressed on the cell surface of the SEAP HEK cells, immunostaining was performed using bovine and human TLR2 specific antibodies. The mean fluorescence intensity (MFI) values of the positively stained population were similar for all constructs (Figure S1). Stimulation with PMA, a non-specific activator of NF-κB, was used as a positive control and resulted in consistently high SEAP secretion for all transfectants. SEAP activity in response to ligands was normalised to PMA responses as an internal control.

The H326Q variant showed significantly higher TLR2-dependent NF-кB response in comparison to RefSeq Hereford TLR2 (p < 0.001 Figure 2). Constructs containing the L306P SNP did not respond significantly differently in comparison to the RefSeq Hereford boTLR2 version. The response of SEAP HEK cells transfected with huTLR2 was significantly higher in response to both FSL-1 and Pam3CSK4 in comparison to the bovine constructs. Interestingly, the chimeric bov:hu TLR2 receptor showed higher NF-κB activity than the RefSeq Hereford TLR2 HEK cell line, but significantly lower activity than the huTLR2 receptor in response to both FSL-1 and Pam3CSK4.




Figure 2 | Location of identified SNPs. Gene model for TLR2 from assembly UMD 3.1.1 with annotated SNPs. Missense SNPs are located on the first track below the gene model, with synonymous SNPS on the second track. Reading from left to right, exons and coding sequence (CDS; thick line) are shown. All mutations occur in the second exon, which codes for ligand binding side.





NF-κB Activity Correlates Directly to CXCL8 Production of TLR2-HEK Cells Upon Stimulation With Lipopeptides

Using cell culture supernatant recovered from the above SEAP assay experiments, CXCL8 production in response to FSL-1 and Pam3CSK4 stimulation were measured (Figures 3B, D). As previously, there was an increase in CXCL8 production in the H326Q variant in comparison to the bovine RefSeq Hereford TLR2, however this was found only to be statistically significant in response to FSL-1 stimulation (p<0.01). CXCL8 production measured in huTLR2 transfectants was significantly higher than in boTLR2 transfectants in response to both ligands. CXCL8 production by chimeric bo:hu TLR2 HEK cells was significantly higher than any of the boTLR2 variants to FSL-1 (p<0.05), but lower than those from huTLR2, reflecting the observations made using the SEAP reporter assay of NF-κB activity.



huTLR2 Is Significantly More Sensitive Than boTLR2 Variants to Stimulation With Live M. bovis BCG, but Not M. tuberculosis

Having assessed the activity of TLR2 variant HEK cells using TLR2-specific agonists and determining good correlation between SEAP activity and CXCL8 secretion (Supplementary Figure S2), we next challenged the TLR2-HEK cells with live mycobacteria and measured the NF-κB activation responses. Interestingly, the response of SEAP HEK cells expressing huTLR2 to challenge with M. tuberculosis was markedly lower than when they were challenged with TLR2-specific lipopeptides i.e., Pam3CSK4 and FSL-1 in the previous experiment (Figure 3). Only the huTLR2 variant produced a significant NF-κB response upon challenge with M. bovis BCG compared to mock simulations. NF-κB responses for H326Q containing TLR2 were significantly lower than Hereford reference TLR2 and those constructs containing L306P. All boTLR2 variants responded more strongly to M. tuberculosis than to M. bovis BCG, even though the MOI was lower (MOI of 5) than with the M. bovis BCG infection (MOI of 10).




Figure 3 | TLR2-Ligand-Dependent NF-κB Activity and CXCL8 Secretion by HEK 293 cells Expressing Bovine and Human TLR2 Sequence Variants. HEK 293 cells, harboring NF-κB-induced SEAP reporter genes were transfected with either empty pTracer vector (mock); bovine or human TLR2 CDS constructs, or a bovine: human chimera in pDuo-mcs. Cells were stimulated with either FSL-1 at 100 ng mL-1 (A, C), Pam3CSK4 at 1 mg mL-1 (B, D) for 24 hrs. SEAP activity was measured by quantifying optical density of cell culture supernatant at 635 nm (A, B). OD values were normalised against values for PMA stimulation at 200 ng mL-1. Additionally, supernatants were assessed for CXCL8 concentration by ELISA (C, D). Error bars represent standard deviation from the mean of triplicate technical replicates and are representative of three independent repeats. (*=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001) and are only shown in relation to bovine TLR2 and additionally between the human and the chimeric bov: hu TLR 2 receptor. All data analysed by two-way ANOVA with multiple comparisons using GraphPad Prism V8 (GraphPad Inc., USA).





Brown Swiss and Holstein Friesian PBMC-Derived Macrophages Respond Significantly Differently to TLR2-Specific and Mycobacterial Ligands

Differences in functionality at the whole cell level conferred by boTLR2 breed variants were further assessed using PBMC-derived MØ. Cells were isolated from BS, containing the heterozygote H326Q variant, or HF cattle, which have the TLR2 sequence identical to the RefSeq Hereford breed. Due to Cat3 access restrictions, we measured the CXCL8 response to the TLR2-specfic agonist, FSL-1 and M.bovis BCG. In agreement with TLR2-HEK cell responses (Figure 4), MØ generated from BS carrying the H326Q variant showed a significantly higher CXCL8 responses than HF MØ upon FSL-1 stimulation (p<0.05, Figure 5A) and the 19 kDa protein, but not M.bovis BCG (Figure 5B). We further verified a high degree of correlation between the SEAP NF-kB and CXCL8 assays in a control experiment, by collecting data for both from the same stimulated cells and performing regression analysis (Figure S2). Interestingly, unlike the SEAP HEK cell experiments, the PBMC-derived MØ responded similarly to MTB-derived 19 kDa lipoprotein and M. bovis BCG compared with FSL-1. We also detected a significantly greater response by BS derived MØ to M. bovis BCG compared to untreated cells, while the response by HF-derived MØ was not statistically greater than untreated cells.




Figure 4 | M. bovis BCG and M. tuberculosis-Dependent NF-κB Activity Secretion by HEK 293 cells Expressing Bovine and Human TLR2 Sequence Variants. HEK 293 cells, harbouring NF-κB-induced SEAP reporter genes were transfected with either empty pTracer vector (mock); bovine or human TLR2 CDS constructs, or a bovine: human chimera in pDUO-mcs. Cells were stimulated with either live M. bovis BCG (MOI of 10) (A) or M. tuberculosis H37Rv (MOI of 5) (B) for 24 h. SEAP activity was measured by quantifying optical density of cell culture supernatant at 635 nm. OD values were normalised against values for PMA stimulation at 200 ng/ml. Error bars represent standard deviation from the mean of triplicate technical replicates and are representative of three independent repeats. (**=p<0.01, ***=p<0.001, ****=p<0.0001) and are only shown in relation to bovine TLR2 and additionally between the human and the chimeric bov: hu TLR 2 receptor. All data analysed by two-way ANOVA with multiple comparisons using GraphPad Prism V8 (GraphPad Inc., USA).






Figure 5 | CXCL8 production by bovine MØ in response to FSL-1, M. bovis BCG or MTB Ligand Stimulation. Bovine MØ of BS (heterozygous for TLR2 H326Q SNP) and HF MØ (homozygous for the wild-type TLR2 sequence) were stimulated with either FSL-1 at 100 ng mL-1 (A), 19 kDa lipoprotein antigen (represents Rv3763 or Mb3789) (EMC microcollections, Germany) or infected with M. bovis BCG at MOI = 5 (B) for 24 hr. CXCL8 concentration in cell culture supernatant was assessed by ELISA. A total of n=8 animals per breed were stimulated with FSL-1 and n=6 animals per breed were infected with M. bovis BCG. Error bars represent standard deviation from the mean. Data was analysed with two-way ANOVA and Tukey’s post hoc comparison in GraphPad Prism V8 (GraphPad Inc., USA) (*=p<0.05, ***=p<0.001).






Discussion

Several studies have investigated cattle breed resistance to various diseases at the genetic level, leading to the suggestion that the HF breed may have lost immunological fitness, possibly due to extensive breeding for production traits (57, 61). Recently, we have also reported breed-specific differences in response to mycobacterial challenge (61). It is estimated that the cost of bovine tuberculosis to UK taxpayer is in excess of £100 million per year in surveillance testing and compensation, and there is currently no viable vaccine for cattle. Investigation into aspects of host immunity as they relate to different cattle breeds may inform future breeding strategies and minimise the impact of disease and reduce transmission of zoonotic TB to humans. Zoonotic TB is currently estimated to account for ~10% of global TB cases therefore taking a One Health approach to tackle zoonotic TB is paramount in achieving the UN Sustainable Development Goal of ending the TB epidemic (62). Reducing the burden of M. bovis infection in animal reservoirs such as livestock and wildlife underpins the 10 priority areas laid out in the WHO Roadmap for Zoonotic TB (62).

Using the power of linked-read sequencing, we have generated the first de novo phased assembly of the Brown Swiss cow genome. The genome shows high contiguity and completeness, as shown by the relatively high scaffold N50 and high single-copy ortholog reconstruction. Genome annotation lift over and gene duplication analyses show an increase in gene copy number of T cell receptor gamma cluster 1 (TCRG1) genes, in line with cattle belonging to “high γδ species” compared to human counterparts (63–65). It is important to note that γδ T cells are not only considered a major group of cells in mucosal immune responses, but also have been shown to be important in early immune responses to mycobacterial infection and bridge the gap between innate and adaptive immunity (66).

We identified 19 SNPs occurring within the CDS of bovine TLR2 compared to the RefSeq. A H326Q mutation was of particular interest as it resulted in an amino acid change from the positively charged histidine (H) to the uncharged glutamine (Q) at position 326, which is located in the ligand binding region LRR11 of the ECD of the receptor (58). Using a phylogeny-based approach, this SNP has been previously identified as a mutation under positive selective pressure in cattle and suggested to be of functional relevance (47). Furthermore, the H326Q variant was found by Bilgen et al. (56) in the B. taurus Anatolian Black cattle breed, which is thought to be more resistant to pathogens recognized by TLR2, such as to M. bovis and mastitis-causing bacteria. Among the B. indicus breeds, all Sahiwal samples in our study were homozygous for the H326Q SNP and except for two samples, half of the Boran samples were either homozygous or heterozygous for this variant, confirming a strong presence of this SNP in the B. indicus samples tested. This is interesting given that these breeds are known to be less extensively bred for production traits (56) and more resistant to several diseases, including bovine tuberculosis (57) compared with B. taurus. Within the BS breed, more than half were heterozygous for the SNP. For HF samples, the cattle breed under strongest selective pressure for production traits in our study population, all samples were homozygote and identical to the reference Hereford sequence. Since B. indicus cattle are phylogenetically more ancient than B. taurus cattle with respect to their common ancestor B. primigenius (67), our results suggest that BS cattle are immunologically potentially more closely related to ancient cattle breeds such as Boran and Sahiwal than the HF breed. Whether there is a co-evolution of different M. bovis spoligotypes with the bovine host is not yet know, but recent data suggest that it is more likely based on geographical area and farming practises rather than the host (68–70).

To compare the functional relevance of the TLR2 variants present in the HF and BS breeds, the identified sequences were cloned and expressed in HEK cells for in vitro phenotypic assessment. Initially, we used the SEAP assay that has been previously reported as a quantitative indicator of NF-κB activation during TLR stimulation (54, 71) and in which the SEAP response was directly correlated to CXCL8 production (22, 62). Upon stimulation with synthetic lipoproteins, constructs containing the H326Q SNP, showed a significant increase in NF-κB activity and therefore TLR2 signalling strength. As the H326Q SNP was well represented in our B. indicus population and most BS samples were heterozygous for this SNP, it can be hypothesized that this primes for a stronger TLR2-dependent immune response among these cattle.

For comparison, we included the characterisation of another reported SNP in the ECD domain of boTLR2, the L306P variant (47, 58) – although this was not identified in the present study. While this site is reported to be important for determining the size of the ligand-binding groove (58), we did not detect significantly different NF-kB or CXCL8 response to stimulation with TLR2-specific ligands used in this study. A downstream functional outcome of NF-kB activation is the transcription of certain inflammatory cytokines and including CXCL8 (72, 73), which is responsible for the recruitment of neutrophils to the site of infection and thus an important regulator of innate immunity. We observed a high degree of correlation between NF-kB activity and CXCL8 production in our assay, confirming the functional relevance of the SNPs between cattle breeds.

TLR function has been extensively studied, and shown to be species-specific and dependent on the ECD of the receptor (74). In contrast, there are conflicting reports over the contribution of the TIR domain, which is more highly conserved between species (7, 9, 74–76). We sought to clarify this aspect in the context of TLR2 expressed in isolation and challenged with TLR2-specific ligands. For both FSL-1 and Pam3CSK4, the bovine TIR showed effective, but reduced activity when expressed as a chimera with the huTLR2 ECD compared with the native human ECD-TIR structure. Similarly, the human ECD imparted greater TLR2 activity as a chimera with bovine TIR compared with native bovine ECD-TIR structure. Therefore, we can confirm that both ECD and TIR are independently responsible for differences in TLR2 sensitivity between species when TLR2 is expressed as a homodimer. In our study the human variant of both is more sensitive than the bovine orthologue to TLR2 ligands in the absence of other PRR. This contrasts with findings previously reported where the ECD was responsible for species-specific responses when a co-receptor construct of TLR2-Dectin1 was used (74), however these interactions may highlight the importance of co-receptor signal potentiation to increase the repertoire of innate immune responses. Our findings support the work of Faber et al. who demonstrated a similar result with human and porcine TLR5 chimeras (75).

Interestingly, the magnitude of the TLR2-dependent response was reduced when the cells were stimulated with live mycobacteria than with the synthetic ligands, independent of SNPs. There were some statistical differences between SNPs in NF-kB activity, but none of these were significantly different from the mock untreated conditions and so are not likely to be biologically relevant. Mycobacterium spp. have been reported to be capable of inhibiting the TLR2-driven response - for example, by the expression of glycolipids such as PDIM in the cell envelope that can obscure TLR2-ligand recognition (77). Furthermore, some MTB PAMPs may optimally require TLR2 heterodimerization or engagement of additional PRRs such as DC-SIGN to interact and induce NF-κB (14, 78, 79). By contrast, FSL-1 and Pam3CSK4 (80) have been shown to activate TLR2 as a homodimer (54) or TLR 2/6 heterodimers (81).

The response of SEAP HEK cells expressing bovine TLR2 was significantly higher when challenged with M. tuberculosis than with M. bovis BCG. Conversely, cells expressing huTLR2 were significantly more sensitive to M. bovis BCG than cells expressing boTLR2. As M. bovis BCG is derived from M. bovis, this may reflect species-level differences in host-pathogen coevolution that has resulted in humans being generally more resistant to M. bovis infection than cattle and vice-versa, cattle being more resistant to M. tuberculosis (82). M. bovis BCG is the avirulent vaccine strain of M. bovis that in certain circumstances induces protective immune but does not induce disease suggesting that modulated responses compared to pathogenic mycobacteria could be expected. It is interesting that this effect was observed when TLR2 was expressed in the absence of additional PRR. While heterodimerization between PRR has been shown to broaden the ligand spectrum for TLR2, it is not thought to induce differential downstream signalling pathways (83). The presence of accessory molecules such as CD14 and CD36 have been described to enhance TLR2 pathogen recognition by concentrating microbial products on the cell surface (84) and potentially this might be required for efficient boTLR2 recognition of M. bovis but is dispensable for recognition of M. tuberculosis. Further work is required to delineate the response of both species to virulent M. bovis in comparison with M. bovis BCG.

Whereas the HEK cell model enabled assessment of TLR2 function in isolation, we further characterised PBMC-derived MØ from either breed to examine a potential role in the context of additional PRR. BS MØ produced significantly higher CXCL8 to the TLR2-specific lipopeptide, FSL-1, than MØ from HF animals. Furthermore, BS MØ responded significantly better than unstimulated controls in response to M. bovis BCG, whereas HF MØ did not, and these data are in agreement with earlier work published by our group showing that M.bovis BCG does not induce a substantial response in MØ from HF animals (85). Taken together, our data are consistent with a positive role for the H326Q TLR2 variant supporting innate immunity at the whole cell level to mycobacterial infection. Another finding was that PBMC-derived MØ responded with greater CXCL8 production than HEK-TLR2 cells. This supports previously published observations that while TLR2 can initiate CXCL8 production, additional pathways can also upregulate the chemokine (11, 86). Therefore, the SNP in TLR2 contributes to, but is not solely responsible for the inflammatory response to mycobacteria. It is likely that additional breed-specific factors, including a possible contribution by adaptive immunity determines the bovine response to tuberculosis at the whole animal level.

Our findings provide proof of concept however, that meaningful genetic differences exist between cattle breeds that impact immune function, and such work can be expanded to consider additional factors. It is also interesting to speculate which of the identified TLR2 sequences may actually represent the “wild-type” sequence and whether what we see in cells from HF is due to their intensive genetic selection breeding for milk-production, resulting in an immunologically less-fitter status compared to the sequence/responses seen in cells from BS animals. Resistance to disease is often multifactorial and polygenic and thus identified resistance markers are often unlikely to provide absolute resistance to disease (87). Of course selection for resistance should not occur at the expense of other control measures such as biosecurity and bTB control in the wildlife reservoir (88). Immune function and mycobacterial resistance factors associated between cattle breeds (and species) should be considered when implementing vaccine-based or immunomodulation-based control measures to reduce M. bovis burden. However, more importantly, the data presented in our work, as well as in the work published by authors already point towards the possibility that in the long-term, breeding for bTB resistance could definitively be achieved. We do not envisage that TLR2 will be the only PRR under selection, but indeed may be one PRR worth further investigation. Whether this increase in disease resistance would go hand-in-hand with a potential beneficial reduction in production, but increase in animal longevity and thus fewer replacements remains to be seen,
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Non-human primate models of Tuberculosis (TB) are one of the most commonly used within the experimental TB field because they closely mimic the whole spectrum of disease progression of human TB. However, the early cellular interactions of the pulmonary granuloma are still not well understood. The use of this model allows investigation into the early interactions of cells within pulmonary granulomas which cannot be undertaken in human samples. Pulmonary granulomas from rhesus and cynomolgus macaques from two timepoints post infection were categorised into categories 1 – 6 (early to late stage granulomas) and immunohistochemistry was used to identify CD68+ macrophages, CD3+ T cells and CD20+ B cells. Multinucleated giant cells and acid-fast bacilli were also quantified. At week four post infection, cynomolgus macaques were found to have more CD68+ cells than rhesus in all but category 1 granulomas. Cynomolgus also had a significantly higher percentage of CD20+ B cells in category 1 granulomas. At week twelve post infection, CD68+ cells were most abundant in category 4 and 5 granulomas in both species; however, there were no significant differences between them. CD3+ T cells and CD20+ B cells were significantly higher in the majority of granuloma categories in cynomolgus compared to rhesus. Multinucleated giant cells and acid-fast bacilli were most abundant in categories 5 and 6 at week 12 post challenge in both species. This study has identified the basic cellular composition and spatial distribution of immune cells within pulmonary granulomas in both rhesus and cynomolgus macaques over time. The data from this study will add to the knowledge already gained in this field and may inform future research on vaccines and therapeutics for TB.
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Introduction

Mycobacterium tuberculosis (MTb) is part of the Mycobacterium tuberculosis complex (MTBC). The MTBC is a group of genetically related mycobacterium species that can cause tuberculosis (TB) in humans and other animals. The MTBC consists of; M tuberculosis, M bovis, M africanum, M canettii, M microti, M mungi, M orygis, M caprae, M pinnipedii and M suricattae. MTb is one of the leading causes of death in humans from an infectious agent worldwide and it was the number one cause of death for a single infectious agent in 2019 (1). In 2019, 1.4 million people died from TB whilst an estimated 10 million fell ill with the infection. TB is transmitted via aerosols when an infected person coughs, sneezes or spits (1).

Investigation of the early interactions of MTb with host cells and lesion development in humans is challenging as the moment a person became infected with TB may not be apparent for many months or even years (latent TB). Therefore, obtaining tissue samples to study early cellular interactions with the host would be very difficult as the point of infection is unknown, and the person would likely still present as healthy. Therefore, animal models are important for studying the development of disease.

Non-human primates (NHPs) have been used as a model for TB research for many decades as they are similar to humans in their anatomy, physiology and response to infection with MTb, exhibiting the whole spectrum of human disease and pathology (2,3). Rhesus macaques (Macaca mulatta) and Cynomolgus macaques (Macaca fascicularis) are the most commonly used NHP species within the UK and have a wide range of immunologic reagents available for use. It is well known that there are immunological and genetical differences between these species as well as differences in their ability to control TB, with each bringing their strengths to the TB research field (4–6). For example, rhesus macaques (RM) are usually used for vaccine evaluation studies as the outcome of infection is more uniform than cynomolgus macaques (CM), whereas CM are commonly used for drug evaluation studies as they are better able to control disease (2,3). It has been shown that RM develop a more progressive disease whilst CMs have a superior ability to control disease progression that can comparatively reduce disease burden when compared to RM (7,8). Other ‘New World’ primate species, such as the common marmoset can be used and show many aspects of human TB disease. However, studies are limited due to the lack of availability of immunologic reagents and the limited number of suppliers (2).

The pathological hallmark lesion of TB is the granuloma which primarily affects the lungs. The formation of a granuloma results from the hosts attempts at containing the invading bacteria locally by surrounding them with immune cells to prevent further spread. The classical granuloma is an organised structure made up of a variety of immune cells, typically consisting of a lymphocyte cuff on the outer edge of the lesion that surrounds a rim of macrophages which, in turn, surround a central necrotic, caseous core (9). There are various stages of development involved in the formation of a classical granuloma and these have been described and categorised in previous reports for MTb for both NHPs (10–12) and humans (13,14).

Macrophages are one of the main cellular components of a granuloma and, along with dendritic cells, are the first line of defence against MTb. However, they are not always advantageous to the host (15,16). Macrophages can produce both pro- and anti-inflammatory cytokines and chemokines, which balance the immune response between bacterial killing and host survival (17). However, if this response is not balanced, the macrophage can become a niche environment for MTb to replicate (15,16).

Within granulomas, epithelioid macrophages can fuse together to form multinucleated giant cells [MNGCs (18)]. MNGCs (or Langhan giant cells) have multiple nuclei arranged in a semi-circle and are morphologically distinct from other cells (19). The function of MNGCs within TB is still not fully understood, however, some studies have suggested that their role involves inflammation and bacterial control (20). There are limited data on MNGCs in NHP M tuberculosis granulomas, therefore gaining data on the number of MNGCs per granuloma type in two species of macaques at two different timepoints may provide useful information.

B and T cells are two of the other main components of a granuloma and play a central role in the adaptive immune response to MTb infection. This response is facilitated by T cells which are critical for the control of TB infection. T cells produce several cytokines and chemokines which, in turn, recruit additional immune cells to the site of infection (18,21). One such cytokine, IFN-γ, produced by Th1 helper cells, is the main mediator of macrophage activation which is important in the development of the granuloma. T cells also help to regulate the balance between pro- and anti-inflammatory immune responses (22).

The role of B cells within TB granulomas is still not fully understood. Previous studies have shown that B cells are important for the control of TB (23); are a critical component of granuloma development (24) and that at the site of infection they can regulate the host-pathogen interaction (reviewed in (25). As previously mentioned, RM and CM have differences in their ability to control TB so investigating the spatial distribution and quantifying B cells within the granuloma is important in understanding the mechanisms behind the differences.

Whilst the structure of a classical granuloma has been well defined, there is a lack of data in the NHP model with regards to the spatial distribution and quantification of immune cells within different categories of granuloma formation at different time points after infection. There is also a lack of data comparing granuloma composition in RM and CM. The comparative differences between species may provide important insights into the mechanism behind the differences in the ability to control MTb infection observed between species. These data may also be helpful to inform vaccine and therapeutic trials.

The aim of this study was to characterise immune cell populations within different granuloma stages (categories) in both RM and CM using histochemical and immunohistochemical techniques to investigate the spatial distribution of immune cells as well as quantifying the number of positive cells present in each granuloma. Data from both RM and CM were compared to identify any differences between the species. This could lead to novel immunotherapeutic strategies with which to combat human tuberculosis.



Materials and Methods


Experimental Animals

All formalin-fixed tissue samples used in this study were sourced from archived material collected from macaques enrolled in a study conducted at UK Health Security Agency, Porton, as previously described (8). Briefly, eight male Indian origin RM and eight male CM, aged three to four years and obtained from established UK breeding colonies, were exposed to aerosols of MTb, Erdman K01 strain containing an average presented dose calculated as 18 - 25 colony forming units (CFU) (Table 1). Four RM and four CM (group A) were euthanised four weeks after aerosol exposure. Another four RM and four CM (group B) were challenged using the same conditions and separately in time to group A and euthanised twelve weeks post challenge (wpc). Animals were housed in compatible social groups, in accordance with the Home Office (UK) Code of Practice for the Housing and Care of Animals Used in Scientific Procedures (1989), (now updated to Code of Practice for the housing and Care of Animals Bred, Supplied or Used for Scientific Purposes, December 2014), and the National Committee for Refinement, Reduction and Replacement (NC3Rs), Guidelines on Primate Accommodation, Care and Use, August 2006 (26). All animal procedures were approved by the UK Health Security Agency Ethical Review Committee, Porton Down, UK, and authorised under an appropriate UK Home Office project license.


Table 1 | Experimental parameters and granuloma category breakdown for all animals analysed.





Histopathology

At necropsy, lungs were removed intact and fixed by intra-tracheal infusion with 10% neutral buffered formalin [NBF] (Solmedia Ltd, Shrewsbury, UK) as previously described (8). Once inflated, the lungs were immersed in 10% NBF until required for processing. Representative samples from each lung lobe (left upper, middle and lower lung lobes and right upper, middle, lower and accessory lung lobes) containing visible lesions (where present) were processed to paraffin wax blocks using standard histological procedures, sectioned at 4µm and stained with haematoxylin and eosin (HE) for routine pathological evaluation. The aerosol route of MTb infection has been shown to distribute the challenge dose evenly throughout all of the lung lobes of the animal (27–29) which allowed the analysis for immune cell composition to be concentrated on two representative sections of lung lobe per animal rather than all seven lobes. Consecutive sections from archived tissue blocks of the right upper and left lower lung lobes from each animal were sectioned and stained by immunohistochemistry (CD68, CD3, CD20) and the Ziehl-Neelsen (ZN) technique to identify acid fast bacilli (AFB).

A granuloma scoring system was used, as previously described by Rayner et al. (10) and Sibley et al. (29) to identify, categorise and count microscopic lesions in lung sections from all NHPs in groups A and B (Figure 1 and Table 2).




Figure 1 | Representative images of each granuloma category (1–6) for both rhesus and cynomolgus macaques. HE. Category 1 (A, B) granulomas are small, unorganised, diffuse foci of mixed inflammatory cells but lack a peripheral cuff of lymphocytes. Category 2 (C, D) granulomas consist of similar cells types as category 1 lesions but are larger and more defined, becoming circular in shape. Category 3 (E, F) granulomas are the same as category 2 but with the addition of focal necrosis. Category 4 (G, H) granulomas are an organised structure that are well circumscribed and consist mainly of macrophages and evidence of a few peripheral lymphocytes. Category 4 lesions that exhibit necrotic foci with degenerate neutrophils are classed as category 5 (I, J). Classic, largely well-demarcated granulomas with central, caseous necrosis and a variable rim of lymphocytes are classified as category 6 (K, L). Bars in micrographs (A, B)= 100µm, (C–J) = 250µm, (K, L) = 1000µm.




Table 2 | Granuloma category descriptions. Modified from Rayner et al. (10).



Numbers of AFB and multinucleated giant cells (MNGC) were quantified by microscopy from ZN stained slides as previously described (30). The total number of bacteria present in each granuloma were counted. Numbers of AFB were recorded using a scale of 0 – 3 (0 = no bacilli, 1 = 1 – 10, 2 = 11 – 50 and 3 ≥ 50 AFBs). The total number of MNGCs identified in each granuloma were counted and scored on a scale of 0 -2 (0 = no MNGC, 1 = 1 – 10 and 2 = ≥ 10 MNGCs).



Immunohistochemistry

Sections from the right upper lung lobe and left lower lung lobe from each animal were cut at 4 µm, placed on SuperFrost slides and stained to identify B cells (CD20), T cells (CD3) and macrophages (CD68) within lung lesions using the Leica ‘Bond RXm’ and ‘BOND polymer refine’ detection kit with horseradish peroxidase (HRP) to visualise the cell markers. Sections were dewaxed in xylene, rehydrated through alcohol, and distilled water and treated in 3% hydrogen peroxide (five minutes) to quench endogenous peroxidase activity. Depending on the antibody used, tissue sections (one antibody per tissue section) were pre-treated for antigen retrieval by heat-induced epitope retrieval on the Leica ‘Bond RXm’ automated immunostainer using either Leica Epitope retrieval solution 1 (pH 6) or Leica Epitope retrieval solution 2 (pH 9) for either; 20 minutes (anti-CD68 – ER1 and anti-CD3 – ER2) or 30 minutes (anti-CD20 – ER1). After antigen retrieval, anti-CD3 (rabbit polyclonal anti-human, product code: A0452, Agilent, Santa Clara, CA) was used at a dilution of 1:200 with an incubation time of 15 minutes, whereas anti-CD68 (mouse monoclonal anti-human, Clone KP1, product code: M0814, Agilent) and anti-CD20 (Mouse monoclonal, anti-human, Clone L26, product code: M0755, Agilent) first had a universal blocking step (Superblock TBS blocking buffer, Thermo Fisher Scientific, product code: 37581, Loughborough, UK) for 20 minutes before the antibodies were incubated for 30 mins (anti-CD68; 1:400) and 15 minutes (anti-CD20; 1:150). All antibodies were incubated at ambient temperature on the ‘Leica Bond RXm’. A post primary rabbit anti mouse IgG (eight minutes) followed by an anti-rabbit Poly-HRP-IgG (eight minutes. Both included in the Leica Polymer Refine kit) were applied. DAB was used as the chromogen for visualisation and sections were counterstained with Harris’ haematoxylin for ten minutes (Lecia Bond Polymer Refine detection kit).



Image Analysis

Right upper and left lower lung lobe slides stained by immunohistochemistry were scanned with a ‘NanoZoomer S360’ (Hamamatsu, Japan), viewed and images taken using ‘NDP.View 2’ software (version 2.8.24, Hamamatsu Photonics K.K, Japan). Digital image analysis was performed using ‘Nikon NIS elements AR’ software (version 5.01.00, Nikon, Amsterdam, Netherlands). All granulomas within each tissue section were analysed. In total, for each species at each timepoint eight slides were analysed (two per animal). The whole area of the granuloma was selected as a ‘Region of Interest’ (ROI), and the area with immunohistochemically positive reaction within the ROI was calculated by the software after setting the thresholds. The results were expressed as the percentage of positively stained areas within the total area of the granuloma. Necrotic or mineralised areas were not included in the ROI to be analysed.



Statistical Analysis

Median percentage of positive cells for CD68+, CD20+ and CD3+ staining in tissue sections collected from RM and CM at both timepoints were compared using Mann-Whitney’s U test between categories and timepoints. Numbers of AFBs and MNGCs between both species, granuloma categories and at both time points were analysed using a one-way ANOVA followed by Tukey’s multiple comparison test (GraphPad Prism 7.0, GraphPad Software, San Diego, CA, USA). Correlations between multiple variables were analysed using Pearson correlation coefficients (Jamovi for macOS, version 1.6.23). In all analyses, a P value of <0.05 was considered significant.




Results

Granulomas from all categories were identified in both RM and CM (Figure 1 and Table 2). At 4 wpc and at 12 wpc, category 1 granulomas were the most abundant type in both RM and CM (Figures 2A, B). At 4 wpc (Table 1), there was a trend for the number of lung granulomas in RM to be greater than the number identified in CM, with category 1 and 2 granulomas making up the majority of all the granulomas in the lung sections evaluated. Granulomas of categories 3 and 4 had the lowest counts, while category 6 granulomas were not observed at 4 wpc in either species (Figures 2A, B). At 12 wpc (Table 1), category 1 granulomas were still the most abundant type in both species (Figures 2A, B). Each granuloma was then further characterised via cell type and number of AFB and MNGCs.




Figure 2 | Number of granulomas observed, scored and counted and the median percentage of positively stained immune cells (CD68+, CD3+, CD20+) in each granuloma category at week four and week twelve post challenge, for rhesus and cynomolgus macaques. Total number of granulomas counted in both rhesus and cynomolgus macaques at 4wpc (A) and 12wpc (B). Black column represents rhesus macaques (4 per time point) and checked column represent cynomolgus macaques (4 per time point). Median percentage of positive cells in all granulomas counted in each category at 4wpc and 12wpc for: CD68+ macrophages (C, D), CD3+ T cells (E, F) and CD20+ B cells (G, H). Mann Whitney U test, bars represent median values, error bars represent 95% confidence interval. *P < 0.05, **P < 0.01, ***P < 0.001, ****P = < 0.0001.




CD68+ Macrophages

CD68 is a member of the scavenger receptor family and is expressed by macrophages including epithelioid macrophages and MNGCs. Macrophages were the main cellular component of all granuloma category types (Figure 3). In categories 1 -3 (unorganised) macrophages were observed scattered throughout the granuloma; by contrast they were located predominately in the centre of category 4 (organised) granulomas and formed a rim between the necrotic centre and lymphocyte cuff in categories 5 and 6 (organised) granulomas (Table 2).




Figure 3 | Representative images of immune cell staining (brown) in category 5 granulomas at 4wpc and 12wpc in rhesus and cynomolgus macaques. IHC. Images show the distribution of immune cells in a category 5 granuloma from RM and CM. At 4wpc, CD68+ cells were predominately confined to the centre of the granuloma and form a cuff of cells separating the lymphocyte cuff from necrosis (A, B). CD3+ T cells were found scattered in a lymphocyte cuff on the periphery of the granuloma (C, D). CD20+ B cells are predominately found in follicle like structures on the periphery of the granuloma (E, F). At 12wpc, location of cells were similar to 4wpc [CD68+ (G, H); CD3+, (I, J)], however CD20+ B cells in RM do not always form follicle like structures (K, L). Bars in micrographs (A, C, E, G–L) = 500µm, (B, D, F) = 1000µm. Representative images from 2 slides per animal at each time point (week 4 & 12 = 4 RM & 4 CM). See Supplementary Material for images of all categories at each time point in both RM & CM.



Overall, an increasing trend in the number of CD68+ macrophages from category 1 to category 5 granulomas was observed, with the highest numbers noted in the latter (Figure 2). At 4 wpc (Figures 2C, 3A), a higher number of CD68+ macrophages were present in granuloma types from CM compared to those from RM in all but category 1 granulomas where numbers were equal in both species. However, the only differences between the species that reached statistical significance were found in category 4 (P=0.0082) and category 5 (P=0.0007) granulomas. At 12 wpc (Figures 2D, 3B), CD68+ cells appeared to be most abundant in category 4 and 5 granulomas, but differences between the species did not reach significance. However, significant differences were seen in category 1 granulomas with CM possessing a higher percentage of CD68+ cells (P=0.0152) and in category 6 granulomas where a higher percentage were noted in RM compared to CM (P=0.0166).



CD3+ T Cells

CD3 is part of the TCR complex and is a pan T cell marker. Lymphocytes stained with anti-CD3 were found scattered throughout granulomas in categories 1 – 3, whilst in categories 4 – 6 they were arranged in a cuff around the outside edge of the granuloma (Table 2). At 4 wpc (Figures 2E, 3C), a higher percentage of CD3+ T cells were present in category 1 & 2 granulomas in RM compared to CM. Category 3 granulomas were not identified in pulmonary tissue sections from RM at 4 wpc. CM had a higher percentage of CD3+ T cells in category 4 compared to RM; however, the opposite was observed in category 5 granulomas where RM granulomas contained more CD3+ T cells than those in CM. Category 6 granulomas were not identified at 4 wpc in either RM or CM. Overall, the number of CD3+ T cells did not differ between RM and CM at 4 wpc. At 12 wpc (Figures 2F, 3D) CD3+ T cells were more abundant in granulomas classified in categories 1 and 2 compared to those in categories 4, 5 and 6 in both species. A significantly higher percentage of CD3+ T cells was identified in category 1 (P=<0.0001), category 2 (P=0.0001), category 4 (P=0.0081) and category 5 (P=0.0025) granulomas from CM compared to those from RM. A nonsignificant trend for the percentage of CD3+ T cells to be higher in category 6 granulomas from CM compared to RM was observed. Category 3 granulomas were not identified in CM and were therefore excluded from the comparative analysis.



CD20+ B Cells

CD20 is a transmembrane protein which is found on B cells throughout their development, from pre-B cells through to terminal differentiation into plasma cells. Similar to T cells, CD20+ B cells tended to be scattered throughout the granuloma in the unorganised granuloma categories (1 – 3, Table 2). In the organised granuloma categories (4 – 6), CD20+ B cells were often arranged in follicular-like structures on the periphery of the granulomas (Figure 3, week 4 E & F: week 12 K & L). At 4 wpc (Figure 2G), the percentage of B cells in category 1 granulomas was significantly higher (P=0.0017) in CM than RM. In categories 3 and 5, RM had a higher percentage of CD20+ B cells compared to CM, whilst the opposite trend was observed in categories 2 and 4. Category 6 granulomas were not observed at 4 wpc in either RM or CM. At 12 wpc (Figure 2H), overall, more CD20+ B cells were found in CM, with differences reaching significance in categories 1 (P=<0.0001), 2 (P=0.0002), 4 (P=0.0168), 5 (P=<0.0001) and 6 (P=<0.0001). Category 3 could not be analysed statistically as these were not observed in CM samples at 12 wpc.



Acid Fast Bacilli

In organised, necrotic lesions (categories 5 and 6, Table 2) AFB were extra-cellular and observed within necrotic debris around the edge of the necrotic centre, whereas in category 4 lesions, as well as in the unorganised lesions (categories 1 – 3), AFB were observed scattered throughout the granuloma. In both species, AFB were seen within MNGCs (Figures 4E, F). In RM, AFB were not observed in category 1 granulomas but were present in categories 2 - 5 at 4 wpc, whilst at 12 wpc, AFB were only observed in granulomas classified as categories 3 – 6 (Table 3). In CM at 4 wpc, AFB were observed in categories 1 & 2 and 4 – 5, however they were only observed in categories 5 and 6 at 12 wpc.




Figure 4 | AFB bacilli were most abundant in category 6 granulomas in both rhesus and cynomolgus macaques. Representative images of AFB staining and multinucleated giant cells ZN (inserts HE). AFB were most abundant in category 6 granulomas in both species (A, B). In RM, AFB were frequently seen grouped together whereas AFB in CM were more often seen singularly within the necrotic core. MNGCs were identified in both species (C, D) with 12wpc category 6 granulomas having the highest number. RM on average had a higher proportion of MNGCs. AFBs were noticed within MNGCs in both species, although not frequently (E, F). Bars in micrograph = 200µm. Representative images from 2 slides per animal at each time point (week 4 & 12 = 4 RM & 4 CM).




Table 3 | Descriptive statistics of acid-fast bacilli counts for each category of granuloma stage.



A significantly higher number of AFB were counted in the category 5 granulomas than in granulomas in the lower categories examined in RM 4 weeks after challenge; categories 1 and 5 (P=<0.0001), categories 2 and 5 (P=<0.0001) and categories 4 and 5 (P=<0.0001) (Table 3). At the equivalent time point post challenge in CM, significantly higher numbers of AFB were also found in category 5 granulomas compared to the lower categories of granulomas; categories 1 and 5 (P=0.0001), categories 2 and 5 (P=0.0002) and categories 4 and 5 (P=0.0029) (Table 3). Comparison of the granuloma categories between species did not show any difference in the amount of AFB counted. Twelve weeks after challenge, examination of granulomas from RM revealed that category 6 granulomas had significantly higher numbers of AFB than early stage categories (1 – 4); categories 1 and 6 (P=0.0316), categories 2 and 6 (P=0.0092) and categories 4 and 6 (P=0.0262) (Table 3 and Figure 4A). At the same time point in CM, category 6 granulomas were observed to have a significantly higher number of AFB than all other categories; categories 1 and 6 (P=<0.0001), categories 2 and 6 (P=<0.0001), categories 3 and 6 (P=<0.0001), categories 4 and 6 (P=<0.0001) and categories 5 and 6 (P=<0.0001) (Table 3 and Figure 4B). Comparison of AFB numbers in granulomas of each category between species did not identify any differences. At both time points and in both RM and CM, numbers of AFB were significantly higher in granulomas with a necrotic centre (categories 5 and 6) compared to granulomas with non-necrotic centres (categories 1, 2 and 4).



Multinucleated Giant Cells

MNGCs in organised, necrotic lesions were observed around the edge of the necrotic core and into the lymphocytic rim, whereas, in category 4 granulomas, MNGCs were generally noted in the centre of the granuloma. In the unorganised lesions, MNGCs were seen scattered within the granuloma. MNGCs were not observed in category 1 granulomas in either RM or CM.

MNGCs were observed in both species and were most abundant twelve weeks after challenge when MNGCs were present in most granuloma categories (Figures 4C, D and Table 4). At 4 wpc, MNGCs were only noted in granulomas from RM in categories 2 and 5 with similar numbers counted (Table 4). At 12 wpc, MNGCs were found in categories 2 – 6 and the numbers increased as the granulomas developed (Table 4). In CM at 4 wpc, MNGCs were seen only in category 5 granulomas with an average of one MNGC per granuloma. At 12 wpc, MNGCs were seen in categories 2 – 6 with categories 5 and 6 having the most MNGCs.


Table 4 | Descriptive statistics of multinucleated giant cells (MNGCs) counts for each category of granuloma stage.



Four weeks after challenge, significantly higher numbers of MNGCs were observed in category 5 granulomas compared to categories 1 and 2 granulomas from RM: categories 1 and 5 (P=0.0025) and categories 2 and 5 (P=0.0354) (Table 4). The same observation was made in CM at the same time point where MNGC numbers were significantly higher in category 5 granulomas compared to categories 1, 2 and 4; categories 1 and 5 (P=<0.0001), categories 2 and 5 (P=<0.0001) and categories 4 and 5 (P=0.0002) (Table 4). Four weeks after challenge the number of MNGCs in granulomas of each category was similar between species; by contrast, at week twelve post challenge, categories 5 and 6 granulomas (organised with necrotic centres) from both RM and CM possessed significantly higher numbers of MNGCs.

Twelve weeks after challenge, significantly higher numbers of MNGCs were observed in category 6 granulomas compared to all other granuloma categories in RM; categories 1 and 6 (P=0.0004), categories 2 and 6 (P=<0.0001), categories 3 and 6 (P=0.0273), categories 4 and 6 (P=0.0026) and categories 5 and 6 (P=0.0132) (Table 4 and Figure 4C). Examination of CM at the same time point revealed that category 5 and 6 granulomas (organised, necrotic centres) had significantly higher numbers of MNGCs than categories 1 and 2 (unorganised, non-necrotic, early stage of development). Furthermore, MNGC numbers were significantly higher in category 6 granulomas compared to categories 3 and 4; categories 1 and 5 (P=0.0138) categories 1 and 6 (P=<0.0001), categories 2 and 5 (P=0.0043), categories 2 and 6 (P=<0.0001), categories 3 and 6 (P=<0.0001), categories 4 and 6 (P=<0.0001) and categories 5 and 6 (P=<0.0001) (Table 4 and Figure 4D). Comparison of the number of MNGCs present in different granuloma categories between species showed that category 4 granulomas in RM had significantly higher numbers of MNGC compared to CM (P=0.0211).



Correlation Data

A correlation matrix using Pearson’s r coefficient was performed to investigate correlations between AFB score, MNGC score, granuloma categories, time (weeks post challenge) and species (Table 5). Positive correlations were found between; AFB and MNGC scores (r = 0.367, P=0.001), granuloma categories and AFB (r = 0.478, P=0.001), granuloma categories and MNGC scores (r = 0.606, P=0.001), time and MNGC (r = 0.347, P=0.001) and granuloma category and time (r = 0.300, P=0.001). A weak correlation was also seen between time and species (r = 0.089, p=0.041).


Table 5 | Correlation matrix.






Discussion

In this study, the cellular composition of MTb-induced pulmonary granulomas in RM and CM was investigated using a combination of histopathology, chromogenic immunohistochemistry, and digital image analysis in order to evaluate immune cell populations. Published data quantifying the cellular components of pulmonary granulomas at different stages of disease development in the NHP TB model using chromogenic immunohistochemistry is limited and data comparing granuloma development and quantification of cellular components at different time points in both RM and CM samples is particularly sparse. For the first time, we have compared the cellular components of granulomas at different stages of development in RM and CM in a time course study. The animals were challenged by the aerosol route of infection, which has been shown to distribute the challenge dose evenly throughout the lung lobes of the animal (27–29) allowing analyses to be applied to representative lung lobes (right upper and left lower). These data will assist the detailed understanding of disease progression in the context of the comparison of disease controlling and susceptible host immune responses.

TB granulomas have been characterised in a number of animal species following infection by a range of mycobacteria species; NHPs, MTb (10–12), guinea pigs, MTb (31), cattle, Mycobacterium bovis (20,32), deer, M bovis (30) as well as humans, M tuberculosis (13,33). RM and CM are the most commonly used NHP models for TB research as they share the greatest number of anatomical and physiological similarities with humans, compared to other animal models (3). The whole spectrum of human TB-induced disease and pathology is seen in RM and CM and evaluation of the immune response is greatly assisted as some immunological reagents created for use within human tissues cross react with both macaque species (2,3). It is known that there are differences between the macaque species in the ability to control disease progression with RM showing a higher rate of progression and a higher level of bacterial burden compared to cynomolgus macaques of Asian origin (4,7,8,27,34). In this study RM were found to have a larger number of pulmonary granulomas compared to CM at 4 wpc and 12 wpc, although the distribution of lesions across the granuloma categories was similar in both species of NHP. We observed a higher percentage of category 6 granulomas in RM compared with CM suggesting that the disease process occurred at an accelerated rate compared to that in CM. Furthermore, the number of CD68+ cells in category 4 and 5 granulomas in CM was significantly higher than that in RM at 4 wpc and also higher than the number of CD68+ cells present at 12 wpc in RM. These data would suggest that granulomas in CM are not necrotising as quickly as those in RM, and provides further evidence that RM show a higher rate of disease progression and CM are able to control the disease more effectively.

In this study, granulomas were classified into six categories according to a system developed for NHPs by Rayner et al. (10) which described the development from early unorganised to well-developed organised granulomas with necrotic and caseous centres. Organised granulomas made up a smaller percentage of the lesions counted at 4 wpc and category 6 granulomas were not observed which was not surprising as a category 6 granuloma is the most developed form of lesion which requires longer to develop. At 12 wpc, category 1 granulomas remained the most abundant granuloma category in both RM and CM whilst the remaining number of granulomas in categories 2 – 6 were lower and similar between species.

Our data shows that the spatial distribution of T and B cells within granulomas from both species of macaques is similar to that observed by Phuah et al. (23) in their studies of CMs. T and B cells in organised lesions (categories 4 – 6) from both RM and CM were observed in an outer rim of lymphocytes around a layer of macrophages before the necrotic core. B cells also formed follicle-like structures in the lymphocyte cuff in these organised lesions and this has been observed not only in NHPs, but also in humans and bovine TB (33,35). In unorganised, smaller lesions (categories 1 – 3) T and B cells are found scattered throughout the granuloma.

Macrophages are the first line of defence against TB where they ingest the bacteria which produces an inflammatory response in pulmonary tissue, resulting in the production of pro-inflammatory cytokines and chemokines to be produced (17). The expression of these cytokines and chemokines induce the recruitment of further immune cells, namely monocytes, neutrophils and primed T and B cells, to the site of infection. During TB inflammation macrophages fuse together during granuloma progression to create MNGCs (18). The role of MNGCs in the granuloma structure is still not fully understood and some studies have suggested that MNGCs role is inflammation and bacterial control (20). MNGCs have been reported as generally localised at the peripheral epithelioid rim of the granuloma (20) and our data would agree with this statement for organised, necrotic granuloma categories. In the organised granuloma categories, MNGCs were observed in the peripheral epithelioid rim that surrounded the necrotic core whilst MNGCs were seen scattered through smaller lesions (categories 2-3) and most abundant in the centre of the non-necrotic, organised lesions, category 4. MNGCs were most abundant at 12 wpc in both RM and CM with very few observed at 4 wpc.

Our data found a trend for the number of macrophages in a granuloma to increase as the granulomas developed (from categories 1 – 5 at 4 wpc and categories 1 – 4 at 12 wpc) in both RM and CM. Also, we observed that CM had a higher number of CD68+ cells at week four post challenge when compared to RM and this is in line with a study by Sibley et al. (36) which evaluated monocytes circulating in the peripheral blood and also showed that CM’s had a higher proportion when compared to RM. These data suggest that the initial macrophage response in CMs is more effective than compared to RMs who have a lower number of macrophages at 4 wpc.

In this study, anti-CD3 was used to identify all T cells although this marker is unable to differentiate between T helper cells and cytotoxic T cells. At 12 wpc, the granulomas examined from CM possessed a significantly higher number of CD3+ T cells than those from RM. This observation is in line with the findings from an evaluation of CD3+ T cells in the mononuclear cells of peripheral blood from different macaque species (37). This study demonstrated that, in general, CMs possessed a higher proportion of CD3+ cells than RM. However, this study had evaluated CD3+ T cells collected on a number of different occasions after exposure to different challenge doses combined together for analysis. Our data suggests that at 12 weeks post infection, with a low challenge dose, CD3+ T cells follow the same trend as Sibley et al. (37) in that CMs have a higher proportion of CD3+ cells when compared to RMs. The higher proportion of CD3+ T cells would suggest that CMs were initiating a more effective T cell response compared to RM and this may be contributing to their ability to control the disease more effectively.

The role of B cell in TB granulomas is still not fully understood, however, previous studies in macaques have shown that for granulomas to be fully protective to the host, the B and T cell interaction is a critical component of granuloma development (24). Previous studies have highlighted that B cells are important for the control of TB (23) and our data substantiates this as we observed a higher proportion of CD20+ B cells, in granulomas collected from CM at both four and twelve weeks after infection compared to those from RM which show a higher disease burden and are considered to be progressors of disease. Four weeks after challenge we observed a trend for granulomas from CM to have had a higher percentage of CD20+ cells in the majority of granuloma categories (1, 3 and 4) compared to RM, whilst at 12 wpc CM had a higher percentage of CD20+ cells in all granuloma categories (1, 2, 4, 5 and 6. Category 3 granulomas were not counted at this time point in CM). In both species, CD20+ B cells were observed making follicle-like structures on the periphery of many of the granulomas in the organised lesions categories (4 – 6), this is similar to what has been reported previously (23,33,35). Our findings are in contrast with those of Fuller et al. (38) who state that they only observed these follicle-like aggregates in caseous granulomas in CM.

Another key aspect to take into account was the number of AFB present in each granuloma. We noted that AFB were mainly observed in necrotic granuloma categories (5) at 4 wpc in both species whilst at 12 wpc, in RM, bacilli were observed in granuloma categories 3 – 6 (both unorganised and organised granulomas); by contrast in CM bacilli were not observed until necrotic granuloma categories 5 and 6. These data would support the hypothesis that CM have a lower rate of disease progression compared to RM.

The main limitation in this study was sample size; we interrogated materials collected from eight rhesus and eight cynomolgus macaques at two timepoints (four RM and four CM at each time point). As this exploratory study was conducted as a pilot study to provide proof of concept for an ultra-low dose aerosol challenge the sample size is small. To add strength to this study, further data should be collected from similar studies of both species of macaque at the same timepoints.

This study has identified the basic composition of granulomas induced following infection with the Erdman strain of MTb, together with the spatial distribution of immune cells in the granuloma and changes over time in both RM and CM. Further work is now required to characterise the cytokines and chemokines produced by the different cell populations within the granulomas, and to map the spatial location of the cells expressing them. Further analysis of where AFB are present within cells or extracellularly and their spatial location could also be performed. This would add to the knowledge already gained in this field and would allow visualisation of where these interactions are occurring within the granuloma; this may inform future research on vaccines and therapeutics for TB and could lead to novel immunotherapeutic strategies with which to combat human tuberculosis. The characterisation of the different cellular populations within a granuloma will add to the knowledge of the immunological differences between RM and CM and will allow future understanding to ensure that the right model is selected for the right purpose.
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Buruli ulcer (BU), caused by Mycobacterium ulcerans, is a devastating necrotizing skin disease. Key to its pathogenesis is mycolactone, the exotoxin virulence factor that is both immunosuppressive and cytotoxic. The discovery that the essential Sec61 translocon is the major cellular target of mycolactone explains much of the disease pathology, including the immune blockade. Sec61 inhibition leads to a loss in production of nearly all cytokines from monocytes, macrophages, dendritic cells and T cells, as well as antigen presentation pathway proteins and costimulatory molecules. However, there has long been evidence that the immune system is not completely incapable of responding to M. ulcerans infection. In particular, IL-1β was recently shown to be present in BU lesions, and to be induced from M. ulcerans-exposed macrophages in a mycolactone-dependent manner. This has important implications for our understanding of BU, showing that mycolactone can act as the “second signal” for IL-1β production without inhibiting the pathways of unconventional secretion it uses for cellular release. In this Perspective article, we validate and discuss this recent advance, which is entirely in-line with our understanding of mycolactone’s inhibition of the Sec61 translocon. However, we also show that the IL-1 receptor, which uses the conventional secretory pathway, is sensitive to mycolactone blockade at Sec61. Hence, a more complete understanding of the mechanisms regulating IL-1β function in skin tissue, including the transient intra-macrophage stage of M. ulcerans infection, is urgently needed to uncover the double-edged sword of IL-1β in BU pathogenesis, treatment and wound healing.
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Introduction

Buruli ulcer (BU) is a neglected tropical disease resulting from subcutaneous infection by Mycobacterium ulcerans. It typically presents as painless, ulcerative skin lesions or as pre-ulcerative nodules, plaques and in oedematous forms (1). This environmentally acquired infection is reported in 33 countries world-wide, but is most common in West Africa and Australia (2, 3). The disease has a high morbidity, causing both disfigurement and disability (1). Untreated, the infection can become chronic and extend up to 15% of body surface-area. When diagnosed early, treatment with antibiotics alone can be effective (4). More severe cases may also require surgery, including debridement, skin grafts or, in extreme cases, amputation. Physiotherapy and long-term rehabilitation are frequently required where the disease has affected joints and even in high resource settings wound healing can take over a year (5).


M. ulcerans and Mycolactone

In contrast to the granulomatous immune responses typical of mycobacterial infections such as TB and leprosy, BU lesions usually display clusters of extracellular bacilli within the necrotic tissue with a relative paucity of infiltrating leukocytes. This immunosuppression, affecting both innate and acquired immune responses, is due to mycolactone, the exotoxin virulence factor unique to M. ulcerans (6).

Mycolactone production is encoded by a large plasmid, acquired by M. ulcerans and the other mycolactone-producing mycobacteria during their evolutionary emergence from a common ancestor highly similar to M. marinum (7, 8). The chromosomal genome of M. ulcerans is ~98% identical to that of M. marinum (9), sharing more than 4,000 orthologous genes (10). However, extensive gene rearrangements, expansion of pseudogenes and frequent insertions of IS2404 and IS2606 have led to loss of several virulence factors. For example, M. ulcerans has lost two out of the five ESX secretion systems, including the ESX-1 and its substrate, ESAT-6, which facilitate mycobacterial phagosomal escape into the cytoplasm (9). It seems likely that these losses are compensated by the gain of mycolactone, since this diffusible, lipid-like molecule has wide ranging effects on host cells and tissues that replicate the pathological features of BU (6).

Mycolactone mimics the effects of M. ulcerans infection upon injection into tissue (6) inducing immunosuppression, analgaesia and endothelial cell dysfunction (11, 12). Mycolactone suppresses both innate and adaptive immune responses, ablating production of cytokines and chemokines by monocytes, macrophages, dendritic cells and T cells (13–19), preventing the induction of immune receptors and co-stimulatory proteins (13, 17), and restricting antigen presentation (13–16, 20). This wide-reaching immunosuppression is thought to be central to the lack of systemic inflammation seen in BU patients and explains the dearth of inflammatory cells close to the bacteria within lesions.

Furthermore, mycolactone is both cytopathic and cytotoxic, causing cytoskeletal rearrangements, rounding up and detachment of cells (6, 21), cell cycle arrest (6), disturbance of Ca2+ flux (17, 22), oxidative stress (23–25), activation of the integrated stress response (26, 27), autophagy (28, 29) and, eventually, apoptosis (26, 30). Importantly, in most cell types, apoptosis occurs at least several days after exposure in vitro (11, 26). In BU lesions there is strong evidence of mycolactone-induced apoptosis (31) and tissue necrosis, with debris from neutrophils and macrophages in close proximity to the bacteria (32–34). There is also cytotoxicity to neurons that may underpin the analgaesia (35, 36), although alternative explanations have also been proposed (37).



Sec61 Inhibition by Mycolactone

We discovered that mycolactone inhibits co-translational translocation of proteins into the endoplasmic reticulum (ER) by the Sec61 translocon (16) (Figure 1), and it is now clear that this mechanism underlies most of the biological actions of mycolactone laid out above. Crucially, this is the first mechanistic explanation for the biological effects of mycolactone that has been corroborated by multiple labs worldwide (16, 18, 38, 39), and is now accepted by the WHO as the mechanism that substantially explains the immunosuppression and cytotoxicity in BU (40).




Figure 1 | The mechanism of action of mycolactone at the Sec61 translocon and its influence over conventional and unconventional secretion. (A) Sec61-dependent co-translational translocation of proteins into the ER involves recognition of a signal peptide (SP) or signal anchor by the signal recognition particle and its receptor (not shown), which transfer it to Sec61. This results in reorganization of the translocon and movement the Sec61α plug domain, opening the central pore and allowing transit of the translating protein into the ER. Mycolactone binds Sec61α, preventing the SP from accessing its binding site at the lateral gate. Although the lateral gate is open, the plug remains closed and the translocon is locked in an inactive state. (B) The structure of inhibited Sec61, with mycolactone bound inside the lateral gate of Sec61α. Dark purple; Sec61α, light purple; Sec61β, pink; Sec61γ, yellow/red = mycolactone (from PDB:6Z3T). Two views are shown, looking down from the cytosol towards the ER and from the side, as in (A). (C) Mycolactone-dependent inhibition of Sec61 affects a wide range of proteins, including secretory proteins with SP, type I transmembrane proteins (N-terminal ‘out’, with SP), type II transmembrane proteins (N-terminal ‘in’, with signal anchor), and a subset of polytopic proteins (particularly those with an SP). (D) Conventional and unconventional secretion of cytokines and inflammatory mediators. Stimulation of macrophage pattern recognition receptors (PRRs) promotes activation of signalling pathways (Signal 1) e.g., NF-κB, leading to transcriptional induction of many genes, including conventionally secreted proteins (eg IL-6), type I transmembrane proteins (eg CD68), type II transmembrane proteins (eg TNF, cleaved from the cell surface by ADAM17, not shown), as well as unconventionally secreted proteins (eg IL-1β). Here, the pathways diverge, with conventionally exported inflammatory mediators entering the ER via Sec61 while pro-IL-1β translation occurs in the cytosol. Activation of the NLRP3 inflammasome (Signal 2) activates pro-caspase 1, which cleaves pro-IL-1β to its mature form. Mature IL-1β is secreted via unconventional secretion pathways involving gasdermin D (GSDMD) pore formation, and/or membrane-bound organelles such as multivesicular bodies (MVB), autophagosomes and secretory vesicles loaded via TMED10 (not shown) at the ER-Golgi intermediate compartment (ERGIC). M. ulcerans (Mu) was recently shown to provide Signal 1 by means of TLR2 activators on its cells surface, and Signal 2 via mycolactone (MYC), which also inhibits Sec61 at the ER membrane. Figures generated using BioRender.com and Chimera X (https://www.rbvi.ucsf.edu/chimerax).



It is useful to understand the details of Sec61 inhibition by mycolactone, as it applies across the nucleated cells of higher eukaryotic species that harbor M. ulcerans infections (41, 42). The Sec61 translocon consists of 3 subunits, Sec61α, Sec61β and Sec61γ, with Sec61α being the dynamic major pore forming subunit. It can open in two directions – via a central pore between the cytosol and ER, and sideways via a “lateral gate”. When the majority of secretory or membrane proteins are synthesized, they undergo a process of co-translational translocation. Here, their signal peptide or signal anchor engages with a specific site on Sec61α, which then opens both the lateral gate and the pore (Figure 1A). Mycolactone acts by binding to Sec61α (18, 43) and blocking the transit of proteins through the pore (38, 44). We recently resolved the structure of Sec61 bound to mycolactone using cryo-electron microscopy (43), which revealed that mycolactone occupies the entrance to the signal peptide binding site and, although the lateral gate is open, the channel remains closed (Figure 1B). Importantly, Sec61α is no longer able to move dynamically, and is instead trapped in this unproductive conformation.

This model fits well with the biochemical data, where mycolactone inhibits translocation of signal peptide-bearing proteins that use Sec61 to access the secretory pathway, i.e. co-translationally translocated secretory proteins, type I and type II transmembrane proteins, and a subset of polytopic proteins (18, 27, 44) (Hall, Hsieh, Simmonds et al., unpublished) (Figures 1C, D). Based on these features, and the high conservancy of Sec61-dependent translocation (45), the pattern of proteins affected by mycolactone in any given cell type is highly predictable. However, since constitutively expressed proteins are depleted at the turnover rate (11), which is highly variable, some proteins are lost more rapidly than others (27). On the other hand, induced (e.g. immune) responses are extremely sensitive to mycolactone’s effect on new protein production. Hence we and others (46) believe that many, if not all, of the cellular effects of mycolactone can be explained by Sec61 inhibition. Indeed, some observations previously ascribed to other mechanisms can retrospectively be ascribed to Sec61 inhibition, such as depletion of the type I transmembrane proteins e-Cadherin (21), L-selectin (20) and CD3 (17). Formal links have now been proven between Sec61 inhibition and many different aspects of mycolactone’s functions. These include loss of macrophage inflammatory mediators (16), T cell responses (18) and antigen presentation (47).

Translocation blockade is also intrinsically linked to mycolactone’s cytotoxicity, as forward genetic screening identified mutations in the gene for Sec61α, that reduce its ability to bind mycolactone (43). Cells carrying these resistance mutations survive and replicate in the presence of mycolactone (18, 26, 39, 43). Our working model is that the translocation blockade results in protein translation in the wrong cellular compartment (i.e. the cytoplasm), where they are degraded by the proteasome (16) or later removed by selective autophagy (28) (Figure 1D). Eventually these systems become overwhelmed, resulting in proteotoxic stress. Inhibition of Sec61 has been shown to be directly responsible for Ca2+ flux disturbance, induction of an integrated stress response and autophagy (22, 26, 28).




Evidence for an Immune Response to M. ulcerans

Despite the fundamental process that mycolactone inhibits, and the critical role that secreted proteins and membrane receptors play in the immune response, there is significant evidence for an immune response to infection with M. ulcerans. For instance, despite reports of T cell anergy in BU patients, T lymphocyte responses to M. ulcerans antigens can be found in the blood of most BU patients (48–51). Notably, these responses can also be detected in uninfected people living in endemic areas (52, 53), even if they bear no sign of clinical disease, suggesting previous subclinical exposure to M. ulcerans. Furthermore, granulomas may develop in BU patients with late-stage disease (54) and spontaneous healing without antibiotics has also been reported (55–57). Hence, it is possible that many BU cases could eventually self-heal without medical intervention.

Control of M. ulcerans infection is reported in both guinea pig (58) and FVB/N mouse strain models (59). Initial evidence suggested the latter involves innate but not acquired immune responses (59) but recently, Foulon and colleagues demonstrated a correlation with the emergence of plasma cells within the local skin tissue, and mycolactone inhibitory antibodies (60), as well as down-regulation of mycolactone synthesis (61), although the drivers of this are unclear.

While these observations might be explained by the spatial distribution and local concentrations of mycolactone in infected tissue, genetic studies provide further evidence that macrophage responses are important in M. ulcerans infection. Many of the polymorphisms that affect either the likelihood of developing BU or disease severity impact the innate response to intracellular infection (62–65). For example, SNPs in the gene for the macrophage activating cytokine IFN-γ (IFNG), and iNOS, the inducible nitric oxide synthase that generates bactericidal NO in macrophages, both increase susceptibility to infection. Interestingly, SNPs in three genes involved in the autophagy pathway also affect BU. Two polymorphisms have been identified in the E3 ligase PARK2 which increase susceptibility to BU while one in NOD2 increases the risk of severe disease (62). By contrast, a SNP in ATG16L1 is associated with reduced risk of ulceration (62, 65). This is particularly intriguing as we recently uncovered a protective role for autophagy in the cellular response to mycolactone (28).

The most recent evidence of an ongoing innate immune response to M. ulcerans bacteria is the discovery that macrophages produce IL-1β following exposure to mycolactone (66). Given that most other cytokines and chemokines made by macrophages are Sec61-dependent and therefore strongly suppressed by mycolactone, this discovery likely has especial importance for BU. We have therefore validated this important finding in our laboratory (Figure 2), as will be discussed in more detail below.




Figure 2 | Induction of macrophage IL-1β activation and secretion by M. ulcerans. (A) IL-1β production by PMA-activated THP-1 cells incubated for 24 h with 0.05% DMSO, 10 ng/ml E.Coli-derived LPS (Enzo) with or without 1 mM ATP or 31.25 ng/ml synthetic mycolactone (MYC) or M. ulcerans Mu_1082. At this time point THP-1 cell viability was >95%. IL-1β was measured by ELISA (eBioscience) in triplicate (mean ± SD). Results are representative of duplicate experiments. (B) Rheumatoid arthritis (RA) synovial membrane cultures were isolated as in (67) and then cultured in medium alone or medium containing increasing concentrations of natural mycolactone (MYC) for 24 h. The concentration of IL-1β, TNF, IL-6, IL-8, IP-10 and IL-10 in the cell supernatants were measured by ELISA (68–70). This mixed cell population, including predominantly CD45- fibroblast-like cells, CD14+CD45+ macrophages and CD3+CD4+ T lymphocytes, are highly activated, and spontaneously produce cytokines without further stimulation. In addition to those shown, these cells also secrete other cytokines/chemokines/inflammatory mediators including CCL5, CCL2, GM-CSF, IL-23, IL-17, IL1RA, IL-11,TNFRSF1B (TNFR2), MMP1, MMP2, MMP3, MMP13, and TIMP1, but not IFNγ or lymphotoxin (67, 71–76). All RA patients gave written informed consent and the study was approved by the Riverside Research Ethics Committee, REC number: 07/H0706/81. Violin plots showing median and quartile for n = 5-8 patients; median control values for the measured cytokines were IL-1β (103 pg/ml), TNF (433 pg/ml), IL-6 (139 pg/ml), IL-8 (229 pg/ml), IP-10 (116 pg/ml) and IL-10 (92 pg/ml). (C) IL-1R1 surface expression in human dermal microvascular endothelial cells exposed to 0.02% DMSO, or increasing concentrations of synthetic mycolactone (MYC) for 24 h. Cells were dissociated, stained with anti-IL-1R1 antibody (PA546930, Invitrogen) or isotype goat IgG (AB-108-C, bio-techne), donkey anti-goat IgG FITC (A16000, Invitrogen), and subjected to flow cytometry analysis. Mean fluorescence intensity (MFI) is presented as a % of untreated control (mean ± SEM, n = 3). For all panels ns; not significant, *P < 0.05, ***P < 0.001, ****P < 0.0001 using a one-way ANOVA and Dunnett’s multiple comparison test.





IL-1β

IL-1β, produced predominantly by monocytes and macrophages, is a potent pyrogen and one of the ‘alarm’ cytokines known to have widespread and systemic effects once induced (77). Foulon and colleagues detected IL-1β in lesions arising from M. ulcerans infection in both BU patients and in animal models. In vitro, IL-1β was induced in both murine and human primary macrophages, by a variety of different mycolactone-containing stimuli, including purified or synthetic mycolactone together with LPS, M. ulcerans bacteria, and mycolactone-containing extracellular vesicles (EVs) (66). This latter preparation, derived from the extracellular matrix of M. ulcerans, contains high concentrations of mycolactone, as well as a variety of proteins, carbohydrates and lipids (78).

The induction and biosynthesis of IL-1β differs from that of many other cytokines, chemokines and inflammatory mediators such as TNF, IL-8 and Cox-2 (Figure 1D). In common are the pathways that induce mRNA expression and therefore protein synthesis, such as NF-κB signaling (often referred to as “Priming” or “Signal 1”). Following M. ulcerans, or mycolactone-containing EV exposure, it has been demonstrated that priming of macrophages is probably via activation of TLR2, since genetic knockout of this receptor ablated the response (66). Although TLR production is presumably sensitive to mycolactone (47, 79), these priming signals occur very rapidly (minutes), before any depletion is likely (hours/days) (15, 16). Importantly, however, IL-1β lacks a signal peptide to direct the translating protein into the canonical secretory pathway utilizing Sec61 at the ER. Instead, IL-1β is translated as pro-IL-1β in the cytosol. A separate signaling pathway that culminates in the activation of a complex known as the inflammasome (referred to “Activation” or “Signal 2”) is responsible for cleaving pro-IL-1β into biologically active mature IL-1β. In macrophages, activation of the NLRP3 inflammasome (a complex formed of NLRP3, ASC and pro-caspase-1) cleaves and activates pro-caspase-1, which is then able to cleave pro-IL-1β, although alternative mechanisms also exist (80). Activators of the NLRP3 inflammasome are known to include microbial infection, particulate matter and ATP (81). While the precise mechanism involved in the mycolactone-dependent activation of the NLRP3 inflammasome is not known (66), it is highly likely that the toxin is providing “Signal 2”.

We now confirm that mycolactone induces IL-1β release by macrophages (Figure 2A). As before (66) mycolactone alone was not sufficient to induce IL-1β production, requiring LPS or intact M. ulcerans bacteria. However, mycolactone alone can super-induce IL-1β secretion in a well-defined ex vivo model of rheumatoid arthritis (RA) (67, 71–76), consisting of cultures of synovial membrane cells from RA patients who have undergone elective joint replacement surgery (Figure 2B). This mixed population of cells spontaneously releases a range of cytokines, chemokines and other mediators (See Figure 2 legend for details). Within these cultures, endogenous damage associated molecular patterns (DAMPs) activate TLRs providing the priming signal to induce pro-IL-1β [reviewed in (82)]. Consequently, low amounts of mycolactone are able to super-activate Signal 2 and boost the level of IL-1β released approximately 4-fold.

Once produced, several mechanisms for secretion of IL-1β have been proposed. All of these are independent of the canonical secretory pathway and Sec61-dependent translocation of proteins into the ER, and are known as unconventional secretory pathways (83) (Figure 1D). The precise mechanism taking place in a particular circumstance depends on a variety of factors. A major exit route relies on cleavage of gasdermin D (GSDMD) by caspase-1 following activation of the inflammasome. The N-terminal fragment oligomerizes, forming pores in the membrane that facilitate the release of IL-1β and that can also induce pyroptosis (84). Recent evidence has argued that GSDMD-mediated IL-1β release is a tightly regulated process independent of cell death (85), and while pyroptosis is a consequence of GSDMD pore formation, it is not a prerequisite for IL-1β release (83). An alternative pathway, involving different types of cellular vesicles and/or membrane-bound organelles, can also secrete IL-1β. TMED10 was recently identified as the translocon for IL-1β into the ER–Golgi intermediate compartment (ERGIC) (86). The autophagy pathway is also implicated in regulation of IL-1β production at multiple levels, controlling inflammasome activity, promoting processing of pro-IL-1β and mediating secretion (87).

Hence, the recent discovery of IL-1β in BU lesions, and its induction by mycolactone in macrophages is entirely in line with our current knowledge of the cell biology and biochemistry of Sec61 inhibition by mycolactone.



Discussion - Potential Implications of IL-1β Induction for Buruli Ulcer Pathogenesis

IL-1β is well known to induce inflammatory cytokines, chemokines and other mediators from a wide range of cell types (80, 88). The resultant local inflammation attracts an influx of immune cells to a site of infection, hence IL-1β release in BU could impact the ability of the host to respond to M. ulcerans infection, by enhancing the activation state of surrounding cells, including innate immune macrophages and neutrophils. In the mouse footpad model of M. ulcerans infection, treatment with the non-specific steroid anti-inflammatory dexamethasone reduced footpad swelling (66), suggesting that IL-1-driven proinflammatory responses may contribute to BU pathology. However, its potential role in controlling the infection has not yet been reported. Pre-existing IL-1β may also play a role in driving paradoxical responses that are observed at the outset of antibiotic treatment. As well as directing pathogenesis and antimicrobial immune responses, IL-1 also plays an important role in wound healing (89, 90), which likely becomes important during spontaneous healing. Moreover, other IL-1 family cytokines utilize the same strategies for protein expression and unconventional protein secretion, including IL-18, IL-33, IL-36, IL-37, and IL-38 (88, 91). Hence, these other cytokines may also bypass mycolactone’s blockade of co-translational translocation and may be present in M. ulcerans-infected tissues, further modulating immune responses. Indeed, IL-18 production by LPS-stimulated macrophages is increased, not blocked, by mycolactone (66).

A further downstream target of IL-1β that likely affects both pathological and protective responses to M. ulcerans infection is the vascular endothelium, which lines the blood vessels making up the skin microvasculature. Endothelial cells are extremely responsive to IL-1β, which modulates a range of functions, depleting junctional β-catenin and VE-cadherin (thus increasing vascular permeability) and down-regulating anticoagulant proteins such as thrombomodulin and the EPCR. IL-1β also induces procoagulant PAI-1, enhances tissue factor expression, and promotes angiogenesis via upregulation of adhesion molecule and vascular endothelial growth factor (VEGF) expression (91). Importantly, we have recently shown that mycolactone and IL-1β have an additive effect on both thrombomodulin depletion from endothelial cells and vascular permeability increase (12), suggesting that the local production of IL-1β may further worsen the endothelial cell dysfunction induced by mycolactone (11).

However, these downstream effects are all dependent on IL-1 receptor expression and are complicated by the fact that physiological responses to IL-1 are moderated by a complex system of receptors, co-receptors, ligands, and endogenous antagonists. IL-1β is recognised by its cognate receptor, IL-1R1, which then binds to a co-receptor IL-1R3/IL-1RAcP, triggering intracellular signalling. However, some cells, including neutrophils, express both IL-1R1 and the decoy receptor IL-1R2 (92) which increases the amount of IL-1β needed to activate them. On the other hand, highly sensitive cells, such as endothelial cells, express IL-1R1 but undetectable IL-1R2 (93, 94). A further problem in interpretation of the role of IL-1 family proteins in BU arises because the IL-1 receptors are all single-pass type I membrane proteins secreted through the conventional ER-Golgi pathway and, as such, are likely to be susceptible to mycolactone inhibition (Figures 1C, D) (27). Indeed, flow cytometry analysis of IL-1R1 expression by primary dermal microvascular endothelial cells shows that this receptor is susceptible to mycolactone-dependent loss (Figure 2C). The closer cells are to the infected tissue and the source of mycolactone production the more likely they are to be depleted of receptors and therefore insensitive to IL-1β.

In conclusion, IL-1β is likely to be a double-edged sword in BU. The question of whether it is driving the pathology, protecting against further expansion of the infection, or both, should be urgently addressed as it offers an attractive alternative approach to therapy. IL-1β targeting with canakinumab, or its cell surface receptors with Anakinra, are proposed treatments for a variety of conditions including vasculitis and diabetic foot ulcers (95–101). Similarly, diabetic mice receiving IL-1β neutralizing antibodies display reduced inflammation and enhanced re-epithelialization of skin wounds (99). However, in the context of the local inflammation, abnormal vascular phenotype and long-lasting wounds in Buruli ulcer, there are a number of issues that need to be considered. We should thoroughly examine whether the level of IL-1β and its receptor in affected tissues is sufficient to activate signaling, what happens during and after antibiotic treatment and whether its presence promotes or hinders wound healing. Understanding the role of IL-β in BU may allow us to develop new treatments that aid recovery from this devastating disease.
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The inflammasome complex is important for host defense against intracellular bacterial infections. Mycobacterium tuberculosis (Mtb) is a facultative intracellular bacterium which is able to survive in infected macrophages. Here we discuss how the host cell inflammasomes sense Mtb and other related mycobacterial species. Furthermore, we describe the molecular mechanisms of NLRP3 inflammasome sensing of Mtb which involve the type VII secretion system ESX-1, cell surface lipids (TDM/TDB), secreted effector proteins (LpqH, PPE13, EST12, EsxA) and double-stranded RNA acting on the priming and/or activation steps of inflammasome activation. In contrast, Mtb also mediates inhibition of the NLRP3 inflammasome by limiting exposure of cell surface ligands via its hydrolase, Hip1, by inhibiting the host cell cathepsin G protease via the secreted Mtb effector Rv3364c and finally, by limiting intracellular triggers (K+ and Cl- efflux and cytosolic reactive oxygen species production) via its serine/threonine kinase PknF. In addition, Mtb inhibits the AIM2 inflammasome activation via an unknown mechanism. Overall, there is good evidence for a tug-of-war between Mtb trying to limit inflammasome activation and the host cell trying to sense Mtb and activate the inflammasome. The detailed molecular mechanisms and the importance of inflammasome activation for virulence of Mtb or host susceptibility have not been fully investigated.




Keywords: Mycobacterium tuberculosis, inflammasome, NLRP3, AIM2, ESX-1, IL-1b, NTM = nontuberculous mycobacteria



Introduction

Tuberculosis (TB) is a major cause of morbidity and mortality with approximately 10 million new cases and 1-2 million deaths, annually (1). The disease is caused by the human pathogen Mycobacterium tuberculosis (Mtb) which is transmitted via aerosol from the lung of an infected individual to the naïve bystander. Current chemotherapy leads to positive outcomes in about 85% of the patients but takes 6-9 months to complete and the success rate drops dramatically if drug resistant strains of Mtb are the cause of the infection (2). Consequently, the search for better antibiotics and more efficient treatment regiments is of great interest. In addition, host-directed therapy (HDT) is a complementary approach to improving clinical outcomes by targeting host signaling pathways that, for example, support bacterial replication or cause immune pathologies (3). For the latter approach to be successful, a more detailed understanding of host responses to infection with Mtb and their importance for host protection or susceptibility is required. The cytokine Interleukin (IL)-1β is of crucial importance for host resistance to Mtb. In this review we will provide some background information on mechanisms of inflammasome activation which leads to the generation of IL-1β, summarize the findings of the importance of IL-1β for host resistance to Mtb infections and their potential for host-targeted therapeutic approaches and finally we will focus on how the inflammasome detects various mycobacterial species and how Mtb is able to inhibit inflammasome activation (summarized in Table 1 and Figure 2).


Table 1 | Summary overview of different mycobacterial species and effectors involved in activation of either NLRP3 or AIM2 inflammasome.





Overview of Mechanisms of Inflammasome Activation and Its Consequences

In this section we will provide a concise overview of the components and signaling pathways involving mainly two (NLRP3, AIM2) kinds of inflammasomes since they are most relevant to our subsequent discussion on interaction of mycobacteria with inflammasomes (see also Figure 1). We would encourage the interested reader to follow-up on this brief overview with any of the excellent specialized reviews on the topic for an in-depth discussion (27–36).




Figure 1 | Overview of mechanism of Inflammasome signaling pathway. NLRP3 and AIM2 inflammasome activation requires two distinct signals: Signal 1 (priming signal, left) is induced by the detection of pathogen-associated molecular patterns (PAMPs) or endogenous cytokines by the Toll-like receptor (TLR) or cytokine receptors (IL-1R, TNFR, IFNAR) and thus leading to increased transcription of NLRP3, ASC, pro-IL-1β, pro-IL-18 and pro-caspase-11 through activation of NF-κB. Signal 2 (activation signal, right) for the NLRP3 inflammasome is triggered by various stimuli such as potassium (K+) efflux, chloride (Cl-) efflux, calcium (Ca+2) influx, oxidized mitochondrial DNA (ox-mtDNA), lysosomal rupture and intracellular reactive oxygen species (ROS) production. All these triggers lead to oligomerization and assembly of NLRP3 inflammasome complex. AIM2 directly recognizes either DNA released from Gram negative bacteria or mtDNA released from mitochondria and lead to assembly of AIM2 inflammasome complex. Activated inflammasome complexes (NLRP3 or AIM2) recruit and cleave pro-caspase-1 to active caspase-1 that further results in the proteolytic cleavage of pro-IL-1β and pro-IL-18 to the mature forms IL-1β and IL-18. Caspase-1 also cleaves gasdermin D (GSDMD) to its pore-forming N-terminal fragment GSDMD-N which results in pyroptosis. Ninjurin-1 (NINJ1) by unknown mechanism as indicated by “?” oligomerizes and forms a pore to facilitate release of LDH, HMGB1 and the accumulation of these pores ultimately led to plasma membrane rupture which is not achieved by the GSDMD-N pores. Post-translational modifications (PTM) of cytosolic sensors (NLRP3/AIM2) and adaptor protein (ASC) regulate the activity of inflammasome. Gram negative bacteria are lysed to releases LPS and DNA via a mechanism requiring various interferon-inducible Guanylate-binding proteins (GBPs) and IRGB10. The LPS binds to pro-caspase-11 to initiate autocleavage into active caspase-11 which further cleaves GSDMD to GSDMD-N and results in pyroptosis (indicated as Non-Canonical NLRP3 inflammasome) and increased efflux of K+, thus further activating the canonical NLRP3 inflammasome pathway (dashed lines = indirect interaction; solid lines = direct interaction; arrowhead = activation). Created with Biorender.com.



As opposed to the membrane-bound pathogen recognition receptors (PRRs) such as Toll-like receptors (TLRs) that survey extracellular pathogen components, the nucleotide binding and oligomerization domain-like receptors (NLRs, e.g. NLRP3) and Absent in Melanoma 2 (AIM2)-like receptors (ALRs, e.g. AIM2) survey the host cell cytosol for the presence of pathogens (27, 37–41). Upon binding of NLRs/ALRs to pathogen or danger associated molecular patterns (P/DAMP), they initiate the formation the inflammasome (Signal 2: Figure 1). IL-1β is a potent immunomodulator and its overproduction may cause rheumatoid arthritis and other pathologies (42, 43). Consequently, IL-1β production is highly regulated and in addition to the inflammasome activation pathway another signaling pathway (Signal 1: Figure 1) needs to be engaged to achieve production of mature IL-1β. This pathway involves other PRRs, for example, TLRs or cytokine receptors such as receptors for IL-1β and Tumor Necrosis Factor (TNF) which, after ligand binding, activate NFκB, resulting in the transcriptional activation of, for example, the IL1B gene to increase protein levels of pro-IL-1β (44). There is also a crosstalk of Signal 1 with Signal 2 via the activation of proteins that perform posttranslational modifications (PTM) of inflammasome components (44–46) (Figure 1).

Once Signal 1 and Signal 2 are activated, in case of AIM2 or NLRP3, they associate with the adapter molecule Apoptosis-associated speck-like protein containing a CARD (ASC) which recruits pro-caspase-1 into a complex that continues to oligomerize to form in some cases structures called “specks”, measuring 1-2μm in diameter (47–49). The formed inflammasome complex supports the self-cleavage of pro-caspase-1 into active caspase-1 which cleaves pro-IL-1β and pro-IL-18 and gasdermin D (GSDMD) to release the N-terminal fragment that is capable of oligomerization and membrane pore formation (50–52). The GSDMD pores in the cell membrane will lead to pyroptosis and cytokine release but they do not allow for plasma membrane rupture and secretion of higher molecular weight proteins and protein complexes (e.g., HMGB1) (53) (Figure 1). More recently, a complementary role in pore generation after inflammasome activation has been determined for gasdermin E (54).



Signal 2: Activation of the NLRP3 and AIM2 Inflammasomes

The activation of the NLRP3 inflammasome is complex and one of the reasons is that no ligand that physically binds to NLPR3 has yet been identified. Instead, the prevailing model is that NLRP3 is a stress sensor of the cell which reacts to the increase of various cellular stress signals (32) (Figure 1). A major trigger shared across many activating stimuli is the efflux of potassium ions (K+) (55). Additional triggers are the efflux of chloride ions (Cl-) (56–58), mobilization of intracellular calcium ions (Ca2+) (59–61), increase in intracellular reactive oxygen species (ROS) (62) or the release of oxidized mitochondrial DNA (63) [for review (41, 45, 46, 64)] (Figure 1). The non-canonical NLRP3 inflammasome pathway (for review (65)) targets caspase-11 in mice and caspases-4/5 in humans (66) and is dependent on the TRIF-mediated induction of interferon (IFN) production and subsequent IFN-receptor mediated signaling (67, 68). Ultimately, the activation of non-canonical pathway is triggered by the presence of intracellular lipopolysaccharide (LPS) of gram-negative bacteria (69, 70) which directly binds to and activates caspases-4/5/11 (71) (Figure 1). IFN-stimulated genes, such as the family of guanylate-binding proteins (GBPs), are critical for non-canonical NLRP3 inflammasome activation (72, 73) via mechanisms that involve: attacking the outer membrane of cytosolic bacteria such as Shigella or Fransicella (74–76), releasing intracellular phagosomal bacteria (e.g. Salmonella) into the cytosol (73) or assembly to provide a platform for caspase-4 recruitment and activation on the surface of the bacteria (77, 78). Another IFN-stimulated gene product, IRGB10, is also involved in release LPS from intracellular bacteria (75). After activation, caspase-11, like caspase-1, cleaves GSDMD which will lead to pore formation and pyroptosis but not cytokine maturation (51, 52). The activation of the non-canonical pathway will ultimately also lead to efflux of K+ which will activate the canonical NLRP3 inflammasome pathway (79) (Figure 1).

The signal transduction of the activation of the AIM2 inflammasome is fairly simple because it is mediated by the binding of the HIN-200 domain of AIM2 to DNA (80–82) (Figure 1). The pathogen DNA can be accumulating in the cytosol due to infection of the cell with viruses or they can be generated by degrading bacteria in the cytosol via action of GBPs and IRGB10 (73–76). Cell stress leading to the release of non-oxidized mitochondrial DNA can also activate the AIM2 inflammasome (83) (Figure 1).

Two other important aspects to inflammasome regulation, namely post translational modifications (PTMs) and intracellular location of inflammasome components, will not be discussed in detail here because very little is known about the effect of mycobacterial infection on these two parameters. PTMs in inflammasome activation involves phosphorylation, ubiquitination, sumoylation, S-nitrosylation and ADP-ribosylation of inflammasome components which may lead to either activation or inhibition of the inflammasome formation (44–46, 64, 84). Consequently, the proteins involved in mediating the PTMs are themselves important components of the inflammasome regulatory network. In addition, the subcellular localization of inflammasome components and their association with specific organelles impact activation of the inflammasome (35, 46) (Figure 1).



Inflammasome-Independent Production of IL-1β

It is important to mention that in certain settings mature IL-1β and IL-18 can be generated mostly without the activation of the inflammasome [for review (85, 86)]. The inflammasome-independent IL-1β and IL-18 production is most relevant in an in vivo setting where neutrophils dominate (85, 86). The proteases produced in neutrophils involved in cleavage of pro-IL-1β are: proteinase 3 (87, 88), zinc-dependent metalloproteinase meprin A and its monomer meprin α (89), matrix metalloproteinases-2, -3 and -9 (90) and granzyme A (91).

Another pathway for inflammasome independent generation of mature IL-1β and IL-18 is via activation of the caspase-8 and its subsequent cleavage of pro-IL-1β and pro-IL-18 (31, 92). One possible pathway for caspase-8 activation is through ligand binding to TLR3 or TLR4 which leads to recruitment of TRIF (Toll/IL-1R domain-containing adapter-inducing IFN-β) and subsequent recruitment of receptor interacting protein 1/receptor interacting protein serine/threonine kinase 1 (RIP1/RIPK1), FAS-associated death domain (FADD) and caspase-8 (93–95). The TNF receptor family member Fas can also activate the FADD/caspase-8 pathway to induce mature IL-1β and IL-18 (96, 97). Other studies also implicated the RIPK3 in the caspase-8 activation pathway (98, 99).

Another inflammasome-independent pathway involving caspase-8 is important for IL-1β and IL-18 production in response to fungal pathogens (100). Dectin-1 signals via the tyrosine kinase SYK to induce the formation of a CARD9, Bcl-10, MALT1 and caspase-8 complex which recruits the ASC protein to finally mediate cleavage of pro-IL-1β and -IL-18 (100, 101). Active caspase-8 cleaves pro-IL-1β at the same site that caspase-1 does (93).



The Impact of IL-1β on Host Response During Mtb Infection


Protective Role of IL-1β During Mtb Infections

The role of IL-1β throughout infection of the host with Mtb is complex with some evidence in support of a host protective role and other data supporting a role in increasing host susceptibility (3). First, we will discuss the data demonstrating that IL-1β is of importance for host resistance against infections with Mtb and the possible mechanisms (3, 102–106). Mouse studies demonstrate the hyper susceptibility of mice deficient in the expression of either IL-1α/-β or the IL-1β receptor (107–112). The mechanism of protection conferring host resistance by IL-1β has been proposed to involve cell intrinsic mechanisms via the increase in host cell apoptosis (113) or autophagy signaling (114). The inflammasome activation has been linked to increasing maturation of Mtb-containing phagosomes and thus limiting bacterial growth (115, 116). Nevertheless, another study demonstrates that cell intrinsic mechanisms are not how IL-1β confers host resistance but instead it is mediated via trans-protection of infected cells (117). Although the precise mechanism is unclear, in vivo, a major function of IL-1β seems to be to suppress necrosis of lung cells (110, 118). This seems counterintuitive since inflammasome-mediated IL-1β production is associated with cell death (pyroptosis) but it was shown that, at least in the mouse model, IL-1β production is independent of the inflammasome during Mtb infections (111).

It is well-established that, at least partially, the protective effect of IL-1β in vivo is linked to its capacity to suppress IFN-β expression since increased IFN-β production increases host susceptibility (for review (3, 102, 104, 106, 119, 120). Importantly, IL-1β can suppress IFN-β expression and vice versa (121). This interdependence can be exploited for HDT approaches to boost IL-1β production, reduce IFN-β expression and reduce the associated morbidities and mortalities (118). Interestingly, IFN-β-mediated signaling is associated with increased necrotic cell death during ex vivo Mtb infections which could provide a mechanism for the in vivo observed immunopathologies associated with high IFN-β expression (122). Mtb clinical isolates associated with severe TB evade NLRP3 inflammasome activation suggesting a host protective role of IL-1β (123). Macrophages isolated from patients with inflammatory disease carrying gain-of-function genetic variants in inflammasome genes (NLRP3 and/or CARD8) subsequently infected with Mtb displayed increased growth restriction of Mtb in human macrophages (116). In the zebrafish/Mmar infection model, treatment with the drug clemastine modulates the host innate immunity via potentiation of P2RX7 that enhances calcium transients within infected macrophages in vivo. P2RX7 potentiation augments inflammasome activation, resulting in constraint of mycobacterial growth in zebrafish larvae (124).



Detrimental Role of IL-1β During Mtb Infections

In contrast, other data from mouse and human studies point towards a role of IL-1β in increasing host susceptibility (3). Some of the strongest evidence for a positive correlation between increased IL-1β and severity of disease in humans comes from several studies analyzing genetic variability and clinical outcomes. The analysis of single nucleotide polymorphisms (SNP) in the human IL1B gene identified 3 SNPs in the genes promoter region that results in increased IL-1β expression and was associated with more severe tuberculosis possibly due to the increased infiltration of neutrophils (125). A polymorphism in the IL-1 receptor agonist (IL1RA) gene resulted in population with decreased IL1RA and increased IL1B gene expression that was more commonly found in patients with tuberculoid pleurisy (126). Furthermore, several studies using the mouse model suggest a detrimental role of IL-1β to host defense. For example, it was demonstrated that the primary protective mechanism of nitric oxide (NO) during Mtb infection is not antibacterial activity but instead the suppression of inflammasome activation (127, 128). MCC950 inhibits the NLRP3 inflammasome activation in Mtb-infected BMDMs and results in decreased survival of Mtb in addition to reduced processing of IL-1β (129).

In conclusion, it is very likely that, similar to the situation with TNF and IFN-β (130, 131), also for the production of the IL-1β the Goldilocks principle applies with just the right amount of cytokine being produced in the right context at the right time during infection in order to produce a host protective outcome.




Inflammasome Recognition of Mycobacteria


Recognition of Mtb by the NLRP3 Inflammasome

Different mycobacterial species express different proteins and lipids which may affect their recognition by NLR/ALR proteins (132) (Table 1). Secretion of proinflammatory mature IL-1β or IL-18 during Mtb infection requires activation of NLRP3 inflammasome (9–11, 17, 19, 22, 133). The activation of the NLRP3 inflammasome after Mtb infection is conserved across various cell types: mouse bone marrow derived macrophages (BMDMs) (4, 5, 8–10, 20), peritoneal exudate macrophages (4, 8), THP-1 human macrophages (5, 7, 8, 10, 11, 19), mouse retinal pigment epithelium (RPE) cells (6), primary microglia (15), Ana-1 mouse macrophage (16), mouse bone marrow derived dendritic cells (BMDCs) (10, 22), J774A.1 mouse macrophages (5), PBMCs (7) and human monocyte derived macrophages (hMDMs) (11) (see also Table 1). The adaptor ASC, NLRP3 and caspase-1/11 are required for the secretion of IL-1β in Mtb-infected BMDCs (22). Mtb infection induces increased K+ and Cl- efflux but does not affect Ca2+ flux (134). The phagosomal and mitochondrial ROS are not involved in the activation of the NLRP3 inflammasome upon Mtb infection but instead it is cytosolic ROS, generated by the xanthine oxidase (XO) (134). Interestingly, plasma membrane damage mediated by ESX-1 system triggers increase in K+ efflux, consequently activating the NLRP3 inflammasome and pyroptosis, which permits the spreading of Mtb to neighboring cells (135).



Recognition of NTM by the NLRP3 Inflammasome

The activation of the NLRP3 inflammasome has also been demonstrated for non-tuberculous mycobacteria (NTM) species including Mycobacterium marinum (Mmar) (12, 17), Mycobacterium abscessus (Mab) (13, 21) and Mycobacterium kansasii (Mkan) (14) and Mycobacterium ulcerans (26) (Table 1). More specifically, Mab leads to caspase-1 activation and release of IL-1β in human macrophages. Dectin-1/Syk-dependent signaling, increased expression of the cytoplasmic scaffold protein p62/SQSTM1 and potassium efflux are implicated in Mab mediated NLRP3 inflammasome activation (13). Consistently, it has been demonstrated that Mab results in increased production of IL-1β in murine macrophages (21). Mab induces mitochondrial ROS and thereby leads to enhanced NLRP3 inflammasome activation (21). A recent study has demonstrated that infection of microglia with the attenuated Mtb H37Ra strain triggers NLRP3 mediated secretion of IL-1β and IL-18 (15). Moreover, they also found that by inhibiting NF-κB (signal 1) and P2X7R (signal 2) they can alter the secretion of IL-1β and IL-18 and thereby regulate the NLRP3 inflammasome pathway in microglia during Mtb infection (15) (Table 1). Interestingly, irrespective of the overexpression of NLRP3 and inflammatory caspases-4/5 detected in the lepromatous pole, low expression of caspase-1, IL-1β, and IL-18 were observed in leprosy and therefore these results indicate that NLRP3 inflammasome does not actively contribute to the innate immune response in leprosy, suggesting immune evasion of M. leprae (136).



Recognition of Mycobacteria by the AIM2 Inflammasome

In addition to NLRP3 inflammasome, different reports have implicated the critical role for the AIM2 inflammasome following mycobacterial infection. Activation of AIM2 inflammasome has been reported in several cell types during infection with various mycobacterial species, including Mycobacterium smegmatis (Msme) (23), Mycobacterium fortuitum (Mfor) and Mkan in BMDCs (23) (Table 1). In BMDCs about 40–50% of the production of IL-1β following Msme, Mfor, and Mkan infection was dependent on the AIM2 inflammasome and moreover there was an inverse correlation between virulence of the mycobacterial species and the amount of IL-1β release, with the least virulent species inducing the highest levels of IL-1β (23). Mycobacterium bovis (Mbov) infection activated the AIM2 inflammasome in BMDMs and J774A.1 mouse macrophage (25) (Table 1). Mbov infection augments the mRNA expression of AIM2 and ASC in both BMDMs and J774A.1 mouse macrophage (25). Potassium efflux and mycobacterial escape into the cytosol are the two essential triggers in the activation of AIM2 inflammasome during Mbov infection. Additionally, infection of J774A.1 mouse macrophage with Mbov results in activation of caspase-1 as early as 6h post-infection (25). The transfection of Mtb genomic DNA into LPS-primed peritoneal macrophages results in AIM2-dependent caspase-1 activation and subsequent secretion of mature IL-1β and IL-18 (24). This is not surprising since AIM2 recognizes any type of dsDNA but interesting because Mtb does not activate the AIM2 inflammasome upon infection of BMDCs or BMDMs (23).




Activation of the NLRP3 Inflammasome by Mycobacterial Proteins and Lipids

Mtb contains several secretion systems to export proteins into the cell well and beyond (137, 138). In order for these proteins to potentially reach the host cell cytosol, the ESX-1-secreted effector EsxA is involved in permeabilizing the phagosomal membrane (Figure 2) (139, 140). A small number of mycobacterial secreted protein effectors have been identified that are involved in activation of NLRP3 inflammasome (5–8, 10, 11, 16, 19, 20) (Figure 2 and Table 1).




Figure 2 | Mycobacterial effectors involved in regulation of host cell inflammasome. Several Mtb effectors either secreted or non-secreted (as indicated by *) are known to be implicated in manipulation of the host cell inflammasome pathway. Bold green color denotes the Mtb effectors involved either directly or indirectly in activation of inflammasome. Bold red color denotes the Mtb effectors involved in inhibition of inflammasome. Unknown Mtb effectors are represented by ? (dashed lines = indirect interaction; solid lines = direct interaction; arrowhead = activation; blunt end = inhibition). LpqH,19 kDa Lipoprotein antigen precursor; PPE13, PPE family protein 13; EST12, Estimated 12kDa (Rv1579c); EsxA, 6 kDa Early secretory antigenic target; dsRNA, double stranded Ribonucleic Acid; TDB, Trehalose-6,6-dibehenate; TDM, Trehalose dimycolate; PknF, Protein kinase F; Hip1, Hydrolase important for pathogenesis 1; NO, Nitric Oxide; RACK1, Receptor for Activated C Kinase 1; UCHL5, Ubiquitin C-Terminal Hydrolase L5; MFN2, Mitofusin 2; OXSR1, Oxidative Stress Responsive Kinase 1. Created with Biorender.com.




PPE13

The Proline-Proline-Glutamate (PPE) family protein, PPE13, participates in the assembly of NLRP3 inflammasome complex via its C-terminal repetitive major polymorphic tandem repeat (MPTR) domain by directly interacting with the NACHT and Leucine-rich repeat (LRR) domains of NLRP3 (5) (Figure 2 and Table 1). A recombinant Msme strain expressing the Mbov PPE13 induces increased cell death and increased secretion of IL-1β in J774A.1, BMDMs, and THP-1 macrophages but to different levels depending on the cell type (5). The release of IL-1β was dependent on activation of NLRP3 inflammasome as confirmed by caspase-1 and NLRP3 inflammasome inhibitor studies (5). The role of PPE13 in inflammasome signaling needs further validation by creating a gene specific knockout in Mtb.



EST12

Recent studies show that Rv1579c, located within the Mtb H37Rv region of difference 3 (RD3), encodes for a protein (EST12) which acts as a pyroptosis-inducing protein (8) (Figure 2 and Table 1). Indeed, EST12 interacts with the host protein receptor for activated C kinase 1 (RACK1) and forms a EST12-RACK1 complex in macrophages. The EST12-RACK1 dimer recruits the deubiquitinase UCHL5 to stimulate the K48-linked deubiquitination of NLRP3 and consequently triggers the NLRP3 inflammasome mediated pyroptosis and IL-1β secretion (8) (Figure 2). Mice infected with an Mtb strain lacking EST12 showed significant increase in the bacterial growth in the lungs and lower levels of serum IL-1β compared to wild-type Mtb-infected mice. Consistently, mice infected with BCG or Msme strains overexpressing EST12 showed lower bacterial burden in lungs or spleen and increased levels of IL-1β compared to mice infected with control bacteria. Consequently, Mtb EST12 increases mycobacterial clearance in mice and is responsible to activate the host’s immunity (8). It will be interesting to see in future studies which Mtb secretion system is responsive for the secretion of EST12.



LpqH

The Mtb lipoprotein, LpqH, activates the NLRP3 inflammasome via a mechanism that involves activation of the TLR-2 receptor (16) (Figure 2 and Table 1). The treatment of LPS-primed Ana-1 mouse macrophages with purified LpqH protein results in increased expression of NLRP3, ASC and caspase-1 proteins in a dose-dependent manner (16). Moreover, potassium efflux acts as an important trigger for LpqH-mediated activation of the NLRP3 inflammasome (16). However, the underlying mechanism of how LpqH influences potassium efflux has not been explored in this study. The work was performed in mouse macrophages and thus further validation in human macrophages would be valuable. It will also be crucial to test a lpqH deletion mutant of Mtb for changes in NLRP3 inflammasome activation to confirm that the observed activity of purified proteins is conserved within the context of a whole bacterium.



ESX-1 and ESX-5

The Mtb RD1 locus which encodes for the ESX-1 secretion system is required for activation of NLRP3 inflammasome and subsequent release of IL-1β in human PBMCs, THP-1 cells and mouse BMDMs and retinal pigment epithelium (RPE) cells (4, 6, 7, 9, 11, 14, 19, 20) (Figure 2 and Table 1). The ESX-5a is a duplicated region of 4 genes out of the ESX-5 secretion system which is important for the secretion of subset of ESX-5-secreted proteins and its deletion results in reduced inflammasome activation (10) (Table 1).



EsxA

EsxA is one of the main substrates secreted by the ESX-1 system and consequently many studies have been performed by adding purified EsxA to cells during ex vivo experimentations. EsxA interacts with TLR-2 and TLR-4 receptors to induce host cell signaling (141–144). One report shows that treatment of mouse RPE cells with different doses of EsxA results in caspase-1 activation in a dose dependent manner and that this activation is dependent on TLR/MyD88 signaling and the NLRP3 inflammasome (6). Other studies reveal that stimulation of either PBMCs (7) or THP-1 macrophages (7, 19) with EsxA results in increased release of proinflammatory cytokine IL-1β. Furthermore, stimulation of PBMCs and THP-1 derived macrophages with either Mtb protein EsxA or heat inactivated Mtb lysates induces increase in expression of MFN2 and results in increased release of IL-1β. Therefore, these findings suggest that MFN2 is required for the assembly and activation of NLRP3 inflammasome during Mtb infection (7). Transcriptional profiling in human PBMCs from active tuberculosis patients and healthy controls determined that a mitochondrial outer membrane protein, MFN2 expression was significantly upregulated in TB patients compared to healthy controls (7). Intriguingly, another study reported the importance of EsxA and RD1 locus in secretion of IL-1β, since BMDMs when infected with Mtb strains lacking esxA or RD1 showed a significant reduction in the secretion of IL-1β compared to the BMDMs infected with Mtb (20). EsxA was partially responsible for the release of mature cathepsin B by the lysosomes during Mtb infection and further leads to NLRP3 inflammasome activation in BMDMs (20). In addition to lysosomal permeabilization, EsxA also triggers phagosome damage and Syk activation in human macrophages that result in NLRP3 mediated necrotic cell death (11). Additionally, EsxA facilitates the translocation of other immunostimulatory Mtb components such as Ag85 into the macrophage cytosol, resulting in increased activation of caspase-1 and subsequent secretion of IL-1β (19).

Critical role for the ESX-1/EsxA in NLRP3 activation has also been reported during the infection with non-tuberculous mycobacteria species including Mmar (12, 17, 18), and Mkan (14) (Table 1). In addition to ESX-1, ESX-5 secreted substrates also play a role in activation of NLRP3 inflammasome in response to infection with Mmar (12) (Table 1). Additionally, transfection of mouse RPE cells with mycobacterial dsRNA induces NLRP3 inflammasome-dependent caspase-1 activation via an uncharacterized mechanism (6).



TDB/TDM

The role of mycobacterial cell wall lipids in NLRP3 inflammasome activation has also been studied in addition to mycobacterial secreted effector proteins (145). Trehalose-6,6’-dibehenate (TDB), a synthetic analogue of Trehalose-6,6’-dimycolate (TDM) also known as mycobacterial cord factor has been developed as an effective adjuvant for tuberculosis subunit vaccine and both act as a potent proinflammatory pathogen-associated molecular pattern (PAMP) which is recognized by macrophage inducible C-type lectin (Mincle) receptor on innate immune cells and triggers host innate immune response. TDB induces the NLRP3/ASC/Caspase-1 mediated increase in production of IL-1β in BMDCs. Activation of NLRP3 inflammasome by TDB involves numerous triggers such as lysosomal permeabilization, increased ROS generation and increased potassium efflux (145).

It is important to remember that the NLRP3 inflammasome is acting most likely as the cells stress or danger sensor and thus any bacterial induction of the NRLP3 inflammasome might not be mediated by a direct interaction with the inflammasome complex but through interaction with other cellular components/pathways that then trigger the stress/danger signal.




AIM2 Inflammasome Inhibition by Mtb

Mycobacterial extracellular DNA enters the host cell cytosol in an ESX-1 secretion system dependent manner (146). Intriguingly, AIM2 recognizes and binds to cytosolic DNA of intracellular pathogens such as Francisella and Listeria (82, 147) and even Mtb (24). However, AIM2 is not activated during the course of ex vivo Mtb H37Rv infection of BMDM and BMDCs (23). Nonvirulent mycobacterial species such as Msme induce the activation of AIM2 inflammasome in contrast to virulent Mtb that inhibits the AIM2 inflammasome activation induced by either Msme or AIM2 agonists (23). Moreover, Mtb-mediated AIM2 inflammasome inhibition is dependent on a functional ESX-1 secretion system since infection with the Mtb strain deficient in esxA fails to inhibit IL-1β secretion induced by Msme (23). Intriguingly, Mtb inhibits the secretion of IFN-β in infected cells, which may provide one of the mechanisms to suppresses the activation of AIM2 inflammasome (23). Consequently, co-secretion of a putative AIM2 inhibitor and/or IFN-β inhibitor through ESX-1 secretion system into the host cell cytosol together with cytosolic Mtb DNA may play an important role in Mtb-mediated evasion of AIM2 inflammasome activation. The inhibition of the AIM2 inflammasome activation might be of importance for virulence of Mtb because aim2-/- mice are highly susceptible to Mtb infections and showing impaired production of pro-inflammatory cytokines IL-1β and IL-18 (24). An area of interest will be the discovery of the Mtb genes involved in the AIM2 inflammasome inhibition in order to assess the importance of AIM2-inflammasoem evasion for the virulence of Mtb.



NLRP3 Inflammasome Inhibition by Mtb


Mtb PknF

As discussed before many studies have shown that Mtb causes NLRP3 inflammasome activation and even that the deletion of certain Mtb genes led to an increased activation of the NLRP3 inflammasome (Figure 2 and Table 1). Nevertheless, not until recently was it shown that Mtb infection can inhibit activation of the NLRP3 inflammasome via either LPS/Nigericin or LPS/ATP stimuli (134). Mtb inhibits the NLRP3 inflammasome activation via a mechanism that is independent of the ESX-1 secretion system which is opposed to the capacity of Mtb to inhibit the AIM2 inflammasome in an ESX-1 dependent mechanism (23, 134). Mtb infection inhibits the LPS/ATP-induced K+ efflux and increase in xanthine oxidase (XO) activity leading to decreased cytosolic ROS levels (134). The Mtb serine threonine kinase, PknF, mediates inhibition of NLRP3 inflammasome dependent production of IL-1β and pyroptosis in both mouse and human derived primary macrophages (134). Moreover, K+ efflux, Cl2+ efflux and ROS generation are implicated in the PknF-mediated NLRP3 inflammasome inhibition (134) (Figure 2). Additionally, the Mtb pknF mutant induces an increase in the XO activity compared to Mtb-infected cells and thus increasing XO-mediated ROS production (134). Altogether it seems that PknF is inhibiting the exact NLRP3 inflammasome activation pathway that is being only slightly activated upon Mtb infection.



Mtb Zmp1

The BCG gene zmp1 encodes a zinc metalloprotease that has been shown to inhibit the NLRP3 inflammasome dependent processing of IL-1β (115). However, these findings could not be independently confirmed since generation of the zmp1 Mtb deletion mutant strain did not show any effect on pyroptosis, on the caspase-1 activation nor the release of IL-1β (11). The inconsistency between these two publications might be due to a difference in the background of the zmp1 mutant strain because most of the studies performed by Master et al. were done using the BCG strain that, unlike Mtb, lacks a functional ESX-1 secretion system. Another possibility may be the difference in cell types used to study the strains lacking zmp1.



Mtb Hip1 and Rv3364c

The Mtb serine hydrolase, Hip1, inhibits the NLRP3 inflammasome activation by dampening the TLR2-dependent cell signaling in BMDMs (148) (Figure 2). Hip1 not only affects the secretion of inflammasome dependent cytokines but also result in decrease of other proinflammatory cytokines thus suggesting Hip1 modulates the proinflammatory responses in macrophages by preventing the activation of TLR2 dependent cell signaling (148). The mechanism involves Hip1-mediated proteolytical cleavage of GroEL2 from multimer to monomer and the cleaved monomeric GroEL2 subsequently contributes to dampening of proinflammatory responses in macrophages mediated by TLR2 signaling (149). Therefore, it is not possible to attribute the in vivo attenuation of the hip1 Mtb deletion mutant to its increase in inflammasome activation since also other important proinflammatory cytokines such as TNF are upregulated (148).The Mtb protein, Rv3364c, binds to and inhibits the membrane associated host serine protease cathepsin G which leads to suppression of caspase-1 activity and pyroptosis in macrophages (150) (Figure 2).



Nitric Oxide (NO)

Host cell derived NO acts as a negative regulator of NLRP3 inflammasome activation and inhibits processing of IL-1β (127, 151) (Figure 2). Stimulation of Mtb-infected macrophages with IFN-γ showed iNOS-dependent thiol nitrosylation of NLRP3 which leads to inhibition of NLRP3 inflammasome dependent maturation of IL-1β and minimize inflammatory tissue damage during chronic Mtb infection (127). Indeed, the NO-mediated nitrosylation inhibits the assembly of NLRP3 inflammasome complex (127, 151).



OXSR1

During mycobacterial infection, a host serine/threonine protein kinase, the oxidative stress responsive kinase 1 (OXSR1), inhibits K+ channels responsible for K+ efflux (152). Indeed, the mycobacterial infection leads to the upregulation of host OXSR1 and this host cell manipulation is dependent on the mycobacterial ESX-1 secretion system. The immunomodulatory role of OXSR1 is conserved in both zebrafish and humans (152). Furthermore, inhibition or depletion of OXSR1 results in diminished levels of intracellular potassium and hence limits the growth of mycobacteria. Therefore, targeting of OXSR1 might be a valuable approach for host-directed therapy. Micheliolide (MCL), a sesquiterpene lactone, act as an anti-inflammatory molecule by inhibiting PI3K/Akt/NF-κB and NLRP3 inflammasome signaling during Mtb infection (153). However, previous report showed that RAW264.7 cells do not release mature IL-1β since they do not express ASC as determined by immunoblot analysis with an ASC-specific antibody (154). The study by Zhang et al. did not address this problem since all experiments were performed in RAW264.7 macrophages and hence there remains some questions on the validity of their results.

Overall, there has been notable progress but still the molecular mechanisms by which Mtb evades NLRP3 inflammasome activation and the importance of this manipulation for virulence of Mtb remain poorly understood.




Conclusion

Since we last reviewed the literature on the subject of Mtb-host cell inflammasome interactions in 2013 (155) a tremendous amount of progress has been made in our understanding of the molecular mechanisms of inflammasome activation and subsequent pathways of pyroptosis induction (Figure 1). Also, our knowledge of the role of IL-1β during Mtb infections has been greatly expended. Nevertheless, important questions remain; for example, what is the in vivo mechanisms of host resistance that is mediated by IL-1β? We know that protective effects are mediated by bystander cells but what is IL-1β/IL-1β-signaling doing onto those cells that conveys the protective effect? We now know that Mtb is able to inhibit the AIM2- and NLRP3-inflammasome during ex vivo infections (Figure 2) but is there a role for the inflammasome for increasing host resistance or susceptibility during in vivo Mtb infections? The herein described progress made in identifying various Mtb effectors activating or inhibiting the host cell inflammasome (Figure 2 and Table 1) and the subsequent availability of specific Mtb mutants perturbing the inflammasome activation will provide the tools necessary to start answering that question.
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Mycobacterium ulcerans is the causative agent of Buruli ulcer (BU), the third most common mycobacterial infection. Virulent M. ulcerans secretes mycolactone, a polyketide toxin. Most observations of M. ulcerans infection are described as an extracellular milieu in the form of a necrotic ulcer. While some evidence exists of an intracellular life cycle for M. ulcerans during infection, the exact role that mycolactone plays in this process is poorly understood. Many previous studies have relied upon the addition of purified mycolactone to cell-culture systems to study its role in M. ulcerans pathogenesis and host-response modulation. However, this sterile system drastically simplifies the M. ulcerans infection model and assumes that mycolactone is the only relevant virulence factor expressed by M. ulcerans. Here we show that the addition of purified mycolactone to macrophages during M. ulcerans infection overcomes the bacterial activation of the mechanistic target of rapamycin (mTOR) signaling pathway that plays a substantial role in regulating different cellular processes, including autophagy and apoptosis. To further study the role of mycolactone during M. ulcerans infection, we have developed an inducible mycolactone expression system. Utilizing the mycolactone-deficient Mul::Tn118 strain that contains a transposon insertion in the putative beta-ketoacyl transferase (mup045), we have successfully restored mycolactone production by expressing mup045 in a tetracycline-inducible vector system, which overcomes in-vitro growth defects associated with constitutive complementation. The inducible mycolactone-expressing bacteria resulted in the establishment of infection in a murine footpad model of BU similar to that observed during the infection with wild-type M. ulcerans. This mycolactone inducible system will allow for further analysis of the roles and functions of mycolactone during M. ulcerans infection.
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Introduction

Mycobacteria are intracellular pathogens responsible for several diseases of global burden and concern. Tuberculosis (Tb) and leprosy (Hansen’s disease) infections, caused by Mycobacterium tuberculosis and M. leprae, respectively, are the two most common mycobacterial infections, with Buruli ulcer (BU) being the third most common disease presentation (1–4). BU is caused by M. ulcerans (Mul) and presents as a necrotizing cutaneous skin disease (5–7). Initially presenting as a papule, BU slowly progresses to a necrotic ulcer with extensive tissue loss, but it is typically painless due to the Mul expression of mycolactone (8, 9). The synthesis of mycolactone sets Mul aside from other mycobacteria (5). The biochemical machinery required for mycolactone synthesis by Mul is encoded for on the acquired megaplasmid (pMUM001) (10). Mycolactone has been readily identified in BU lesions and sera in humans and small animal models (11–15). Mycolactone concentrations in these lesions can be variable but range from 10 ng to 2 µg (13, 14, 16). Upon treatment and reduction of viable bacilli, mycolactone accumulation in BU lesions decreases; however, it remains detectable (13, 16).

One of the hallmarks of a BU lesion is its painless nature due to mycolactone signals through type 2 angiotensin II receptors and subsequent potassium-dependent neuron hyperpolarization (9, 17). It is well established that in vitro, mycolactone also causes cell rounding, cytoskeletal rearrangement, and detachment, which is caused by the interaction of mycolactone and Wiskott-Aldrich syndrome protein (WASP), leading to uncontrolled activation of ARP2/3. The unregulated ARP2/3 subsequently results in defective cell adhesions and directional migration (18). Additionally, it is cytotoxic and immunosuppressive, inhibiting the production of cytokines, chemokines, and adhesion molecules. The cellular effects of mycolactone can be attributed to its inhibitory effect on the Sec61 translocon (19–21). This interaction promotes apoptotic cell death via endoplasmic reticulum stress responses mediated by Bim (22–24), although Bim-induced apoptosis can be mediated by mTORC2 and Akt inhibition. The importance of Bim-dependent apoptosis during pathogenesis was demonstrated by Mul infection of Bim knockout mice, which did not develop necrotic BU lesions and were able to contain Mul multiplication (24).

Many of these mechanisms associated with mycolactone have been studied using synthetic mycolactone. Mycolactone alone has been linked to the induction of apoptosis via the inhibition of the mammalian target of rapamycin (mTOR) (24). However, it has been previously demonstrated that purified mycolactone cannot overcome the LPS activation of mTOR (25). Additionally, we have previously shown that mycobacteria are potent mTOR activators (26), which leads us to hypothesize that mycobacterial mTOR activation would not be overcome by mycolactone during Mul infection, and more complex regulation of apoptotic cell death by mycolactone may occur. For example, the histone methyltransferase SETD1B has also been identified as a novel mediator of mycolactone-induced cell death (27).

Some studies have been undertaken to demonstrate an intracellular infection stage for Mul very early during infection. These studies have highlighted the influx of neutrophils in response to early Mul infection in mice (6, 28, 29). Oliveira et al. (29) have proposed a model by which neutrophils and macrophages are recruited to the site of Mul infection. As the infection progresses, these cells become apoptotic and subsequently necrotic. This necrotic cell death facilitates bacterial escape from host phagocytes and the observation of the establishment of the acellular necrotic lesion characteristic of Mul infection (29, 30). The ability of Mul to persist past the intracellular phase, thereby establishing an ulcerative infection, has been linked to mycolactone. Mycolactone-competent bacteria induce necrosis both in vivo and in vitro leading to bacterial escape and establishing of the acellular necrotic lesion (29–31). Since many of these studies with extracted or purified mycolactone have been conducted using a sterile culture system, it raises the question of whether mycolactone can modulate the same host cell pathways in the presence of whole bacteria.

In the current study, we focused on determining the mechanism by which Mul controls its escape from macrophages. We found that mycolactone-competent Mul induces necrosis, enabling bacterial escape in primary bone marrow-derived macrophages and the human THP-1 monocyte-derived macrophages. Like most other pathogenic mycobacteria, Mul induces mTOR activation and limited autophagy. This finding is unlike observations of the role of synthetic mycolactone in host modulation; the addition of synthetic mycolactone inhibited mTOR activation and significantly induced autophagy, even during Mul infection, highlighting the limitations of using the synthetic mycolactone as a model to study Mul–mycolactone–host interactions. To overcome this discrepancy, we developed an inducible mycolactone expression system in Mul. Mycolactone induction in macrophages resulted in necrosis and bacterial escape, similar to wild-type Mul. In a mouse model of BU, the inducible mycolactone system resulted in progressive infection observed in wild-type Mul infection. This inducible system will help assess and examine Mul–mycolactone–host interactions, especially during the early stages of infection.



Materials and Methods


Bacterial Strains and Culture Conditions

All Mul strains were cultured at 32°C with shaking in Middlebrook 7H9 supplemented with 10% OADC (oleic acid, albumin, dextrose, catalase), 0.5% glycerol, and 0.02% tyloxapol or in Middlebrook 7H10 supplemented with 10% OADC and 0.5% glycerol with or without antibiotics as per requirements (hygromycin, 50 μg/ml or kanamycin, 25 μg/ml). Escherichia coli strains used for cloning were grown on LB agar or broth with or without antibiotics as per requirements (kanamycin 50 μg/ml or hygromycin, 100 μg/ml).



Antibodies and Other Reagents

Antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA) unless indicated otherwise and cataloged in Table S1. All reagents and media purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.



Macrophage Assays

Human THP-1 monocytes were maintained in supplemented Roswell Park Memorial Institute (RPMI)-1640 medium [bicarbonate buffered RPMI-1640 containing glutamine supplemented with 1% non-essential amino acids, 10% heat-inactivated fetal bovine serum (Corning, NY, USA), 1% HEPES, 1% sodium pyruvate, and 50 μM β-mercaptoethanol (RPMIc)] at 37°C with 5% CO2. THP-1 cells were seeded in 12-well plates at 5 × 105 cells/well 72 h before infection or treatment. Monocytes were derived to macrophages by adding 10 ng/ml phorbol myristate acetate (PMA) for 48 h. Adhered derived macrophages were washed once in RPMIc and rested overnight in RPMIc before infection.

Bone marrow-derived primary cells were derived according to previously published methods (32). Briefly, marrow was flushed from tibias and femurs of 6- to 8-week-old C57BL/6J mice aseptically and cultured in non-tissue-culture-treated serological plates in RPMIc supplemented with 100 U/ml penicillin and 100 μg/ml streptomycin (RPMIcAbx). For macrophage differentiation, cells were seeded in 100-mm plates at 2 × 105 cells/ml and differentiated by adding 15% L929 fibroblast-conditioned media for 6 days, followed by feeding with fresh media every 2 days. On day 6, adherent cells were washed with ice-cold phosphate-buffered saline (PBS) and detached by incubation on ice for 20 to 30 min in ice-cold PBS. BMDMs were seeded in 12-well plates at 5 × 105 cells/well and allowed to adhere overnight in DMEMc.

Mycobacteria were grown to an optical density (OD600) of 0.6 to 0.8. After washing bacteria two times in PBS, bacteria were resuspended in RPMIc or DMEMc and de-clumped by centrifugation at 800 ×g for 8 min. De-clumped bacteria were used to infect macrophages at a multiplicity of infection (MOI) 10 unless otherwise stated. Infection was carried out for 4 h at 32°C, after which macrophages were washed 3 times with PBS and treated with 50 μg/ml gentamicin in complete media for 1 h to kill extracellular bacteria. Macrophages were rewashed 3 times with PBS, and assays were conducted in RPMIc or DMEMc for indicated times at 32°C with 5% CO2.

At indicated time points, culture supernatants were collected for LDH assay and bacterial enumeration. Cells were then harvested in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1% NP-40 or Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris–HCl, pH 8.0, 20 mM Tris–HCl, pH 7.5) for plating for intracellular survival or immunoblot analysis. For CFU enumeration, lysates were serially diluted and plated on 7H10 with appropriate antibiotics. Alternatively, macrophages were detached by incubation in ice-cold PBS containing 5 mM EDTA for 5 min on ice for staining.



LDH Assay

At 72 h postinfection, cell-culture supernatants were collected for LDH analysis. The BioLegend LDH-Cytox Assay Kit was used, per the manufacturer’s instructions. Briefly, 50 µl of culture supernatants was added to 50 µl PBS in a 96-well plate. 100 µl of the working solution was added to wells and incubated at room temperature for 30 min. A 50-µl stop solution was added, and each well and absorbance were read to 490 nm. Cytotoxicity was calculated by subtracting the absorbance of untreated cells normalized to the absorbance of 100% lysed cells.



Apoptosis Assay

Apoptosis was determined from collected cells using the GFP-certified Apoptosis/Necrosis detection kit (Enzo Life Sciences, Farmingdale, NY, USA) or CellEvent Caspase3/7 Green Detection Reagent (Invitrogen, Carlsbad, CA, USA), per manufacturers’ directions. For Apoptosis/Necrosis detection, cells were washed once in ice-cold PBS, resuspended in dual detection reagent (Annexin-V and 7-AAD), and incubated for 15 min. Cells were washed once more and resuspended in 2% PFA. For Caspase 3/7 activity, collected cells were washed once in ice-cold PBS. Macrophages were resuspended in detection reagent and incubated on ice for 30 min. Cells were washed once more in PBS and resuspended in 2% PFA. All samples were acquired on an Accuri C6 Plus Flow Cytometer (BD, Franklin Lakes, NJ, USA), and data were analyzed using FlowJo (Ashland, OR, USA).



Immunoblotting

Macrophage cellular protein was prepared in 1× RIPA buffer, and bacterial cells were lysed by bead-beating with 1-mM silica zirconium beads in 0.05 M potassium phosphate and 0.02% β-mercaptoethanol. The protein concentration was determined by bicinchoninic acid (BCA) assay (Pierce). Aliquots of lysates containing 1 to 10 μg of protein were resolved on 12% SDS-PAGE gels at 180 V for 40 min. Proteins were transferred to 0.2 μm polyvinylidene difluoride (PVDF) using a Bio-Rad Trans-Blot Turbo at 2.5 A and 25 V for 5 to 10 min depending on molecular weight. PVDF membranes were blocked in 5% non-fat dry milk in 1× Tris-buffered saline (TBS) plus 0.1% Tween 20 (TBST) or OneBlock Western-CL Blocking Buffer (Genesee Scientific, San Diego, CA, USA) for LC3B blots at room temperature for at least 1 h. Primary antibodies at 1:5,000 dilution were incubated overnight at 4°C in TBST. The anti-Rabbit IgG-horseradish peroxidase (HRP) antibody (1:10,000) was added to membranes for 45 min in TBST. Proteins of interest were revealed using Clarity ECL (Bio-Rad) according to the manufacturer’s instructions. Blots were imaged using GE Amersham Imager 600, and densitometric analysis was conducted by ImageJ software (https://imagej.nih.gov/ij/links.html). The protein of interest was normalized to β-actin or GAPDH loading control to calculate autophagy levels (33).



Cloning

The pTetR-mup045 plasmid was constructed by cloning the PCR product (1,021 bp) of the mup045 gene with a C-terminal HA tag into the backbone of the Tet-based expression vector pTACT13 (Addgene # 24784, Watertown, MA, USA), which was a gift from Tanya Parish. The mup045F (CCATGGGTGATTTGGAATGACATCTACATAAGTGG) and mup045HA (TTTAAACTAGGCGTAGTCCGGCACGTCGTACGGGTACGAAGTGGAGTGTCCGGGC) primers were used to amplify mup045. Both insert and vector were digested with NcoI and DraI. Mup045 expression was induced by adding 1 mg/ml anhydrotetracycline (Tet-ON).



Mycolactone Extraction

Mycolactone was extracted from bacterial cultures as previously described (34). Briefly, a Folch extraction was done with 0.2 volumes of bacterial culture added to 0.8 volumes of 2:1 chloroform:methanol. This extraction was incubated for 2 h at room temperature with rocking. The solvent phase of the extraction was collected and dried, which was resuspended in ice-cold acetone and incubated overnight at -20°C. The acetone-insoluble precipitate was pelleted at 2,000 ×g for 5 min, and acetone-soluble lipids were collected. These acetone soluble lipids are enriched for mycolactone. This fraction was again dried and resuspended in ethyl acetate for cytopathic assay.



MTT Assay

L929 fibroblasts were seeded in 96-well plates at 2.5 × 105 cells/ml in DMEMc and allowed to adhere overnight. Cells were treated with serial dilutions of synthetic mycolactone or extracted bacterial mycolactone for 72 h at 37°C. Synthetic mycolactone A/B were supplied by Dr. Yoshito Kishi (Harvard University), as ethanol-diluted solutions (1 mg/ml). The purity of synthetic mycolactone A/B was confirmed by 1H- and 13C-nuclear magnetic resonance and also by high-performance liquid chromatography. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay was carried out as per the manufacturer’s instructions (Abcam, Cambridge, MA, USA). Briefly, culture supernatant was removed from cells, replaced with serum-free media containing MTT reagent, and incubated at 37°C for 3 h. MTT solvent was then added and incubated at room temperature for 15 min. Absorbance was read at 595 nm using a microplate reader (Bio-Rad, Hercules, CA, USA).



In Vivo Infection

All animal studies were approved by the institutional animal care and use committee of the University of Texas Medical Branch. Female C57BL/6J mice were obtained from The Jackson Laboratory between 6 and 8 weeks of age. Mice were infected with 1 × 104 CFU subcutaneously in the left hind footpad. Footpad heights were measured fortnightly for 12 weeks. At weeks 4 and 10 postinfection, mice were euthanatized, and infected footpads were collected. Footpads were disinfected by soaking for 5 min in 70% ethanol followed by washing three times in PBS. Footpads were divided medially. For histology, half of the footpad was added to 10% neutral buffered formalin. The remaining footpad was diced into 2 ml PBS and homogenized using a probe homogenizer. One volume of disinfectant solution (4% NaOH, 2.9% sodium citrate, and 1% N-acetyl-L-cysteine) was added to the homogenate and incubated at room temperature for 20 min. A further 5 ml PBS was added to homogenates, and bacteria pelleted at 2,500 × g for 10 min. Pellets were resuspended in 1 ml PBS and serially diluted for CFU enumeration by plating.



Statistical Analysis

GraphPad Prism 8 was used for all analyses. ANOVA was used to determine significance with Dunnett correction for multiple comparisons unless otherwise stated. A p-value of < 0.05 was considered to be significant.




Results


Mycolactone Induces Necrosis and Bacterial Egress During M. ulcerans Infection of Murine Macrophages

An intracellular growth phase for Mul has been previously eluded to; however, mycolactone has also previously been described as inhibiting phagocytosis in macrophages (7, 30, 31). To study the exact role of mycolactone during an intracellular growth phase, we used the previously described mycolactone-deficient strain containing a transposon insertion in mup045 (Mu::Tn118) and its parental strain (Mu1615) (7). Primary bone marrow-derived macrophages (BMDMs) from C57Bl/6J mice were infected with Mu1615 or Mu::Tn118 at a multiplicity of infection (MOI) of 10, 5, 2, and 1. At 72 h postinfection, cytotoxicity (LDH release) was measured in the macrophage culture supernatant (Figure 1A). Macrophages infected with Mul competent in mycolactone production (Mu1615) released increased LDH compared to macrophages infected with mycolactone-deficient Mu::Tn118 in a dose-dependent manner. While similar intracellular bacterial numbers were observed in Mu1615 and Mu::Tn118 infection 4 h postinfection (data not shown), significantly lower numbers of intracellular Mu1615 were observed at 72 h postinfection compared to Mu::Tn118 (Figure 1B). However, the number of Mu1615 was higher than Mu::Tn118 in the culture supernatant of these macrophage cultures. Mu1615 can egress from BMDMs more efficiently than Mu::Tn118 deficient in mycolactone synthesis. Thus, these data demonstrate that intracellular growth of Mul-producing mycolactone occurs by multiplication in individual macrophages followed by their lysis, egress of replicated bacilli.




Figure 1 | Mycolactone competent M. ulcerans induces necrosis, allowing for bacterial egress while maintaining mTOR activation during macrophage infection. (A) BMDMs infected with Mu1615 or Mu::Tn118 at MOI 10, 5, 2, and 1 were measured for LDH release at 72 h postinfection. (B) BMDM culture supernatant and cell lysate were plated for CFU enumeration at 72 h postinfection with Mu1615 and Mu::Tn118 at MOI 10. (C) Apoptosis was assayed by staining with Caspase 3/7 detection reagent in BMDMs infected with Mu1615 or Mu::Tn118 at MOI 10, 5, 2, and 1 at 72 h postinfection. (D) Representative bright-field microscopy image of BMDMs infected with Mu1615 or Mu::Tn118 at MOI 10, 72 h postinfection. Immunoblots were assayed from lysates of BMDMs infected with Mu1615 or Mu::Tn118 at MOI 10, 5, 2, and 1, 72 h postinfection for LC3B-II (E) or p-S6 (F). Summary densitometric analysis was calculated by LC3B-II or p-S6 normalized to β-actin. The representative immunoblot is shown below densiometric analysis. All graphs represent one of two independent experiments with data expressed as mean ± SD. Significance was calculated by two-way ANOVA corrected by Dunnett’s test for multiple comparisons. ns, not significant. *p ≤ 0.05, **p ≤ 0.01, ***≤ p 0.001.



Conversely, Mu::Tn118 induces significantly more apoptosis in BMDMs than the mycolactone-competent Mu1615 strain (Figure 1C). These results likely indicate that mycolactone plays a role in necrotic cell death, promoting bacterial egress from macrophages. Bright-field microscopy also shows this significantly increased lytic cell death in Mu1615-infected macrophages (Figure 1D). BMDMs infected with Mu1615 are more rounded and are less confluent than BMDMs infected with Mu::Tn118.

Synthetic and purified mycolactone have been previously shown to inhibit mTOR and Akt, resulting in BH3-only BCL-2-interacting mediator of cell death (Bim) protein activation and apoptosis (24). To determine if this translates to live Mul infection, we examined LC3B-II accumulation as a measure of autophagy and phospho-S6 (Ser235/236) as a measure of mTOR activation. We observed low levels of autophagy (Figure 1E) in Mul-infected BMDMs, like observations from other virulent mycobacteria-infected macrophages (26). As with these other well-studied mycobacterial infections, we observed significant levels of mTOR activation (Figure 1F). Autophagy and mTOR activation were increased in a dose-dependent manner. There was no difference in autophagy or mTOR activation between the mycolactone-competent and -deficient strains, indicating that bacterial mycolactone cannot overcome the mTOR activation by Mul.



Mycolactone Induces Necrosis and Bacterial Egress During M. ulcerans Infection of Human Monocyte-Derived Macrophages

Many studies have demonstrated a role for mycolactone in apoptosis induction during BU infection (8, 22–24, 35). While this seems likely, we hypothesized that mycolactone also induced necrosis to facilitate Mul’s escape from phagocytic cells during the early stage of infection. To facilitate the study of the bacterial egress, we determined if THP-1 human monocyte-derived macrophages behave similarly to primary murine macrophages. Monocyte-derived THP-1 macrophages were infected with Mul at an MOI of 10, 5, and 2. At 72 h postinfection, the cytotoxicity from these infected macrophages was determined (Figure 2A). A similar dose response in cytotoxicity to the infected BMDMs was observed, and we subsequently chose to do all the following experiments in this human monocytic cell line. As with the BMDMs, we once again demonstrated reduced cytotoxicity in Mu::Tn118-infected macrophages compared to Mu1615-infected cells. To differentiate between apoptosis and necrosis, we stained infected macrophages with Annexin-V and 7-AAD. Cells positive for only Annexin-V were determined to be apoptotic (Figure 2B), while cells positive for both Annexin-V and 7-AAD were determined to be necrotic, which thus have a permeable membrane allowing for bacterial egress from the macrophage. Synthetic and purified mycolactones have been previously shown to inhibit mTOR and Akt, resulting in BH3-only BCL-2-interacting mediator of cell death (Bim) protein activation and apoptosis (24). In line with results from BMDMs, these data support the proposed hypothesis that mycolactone-induced lytic cell death led to bacterial escape, which was further evidenced by the increased extracellular bacteria in the macrophage culture supernatant 72 h postinfection (Figure 2C).




Figure 2 | Mycolactone competent Mul induces necrosis leading to bacterial escape. (A) THP-1 monocyte-derived macrophages infected with Mu1615 or Mu::Tn118 at MOI 10, 5, and 2 were measured for LDH release at 72 h postinfection. (B) Apoptosis and necrosis were assayed by staining with Annexin-V and 7-AAD in THP-1 monocyte-derived macrophages infected with Mu1615 or Mu::Tn118 at MOI 10, 72 h postinfection. (C) THP-1 monocyte-derived macrophage culture supernatant and lysate were plated for CFU enumeration at 72 h postinfection with Mu1615 and Mu::Tn118 at MOI 10. (D) THP-1 monocyte-derived macrophages were infected with Mu1615::GFP or Mu::Tn118::GFP at MOI 10. At 48 and 72 h, postinfection cells were stained with Annexin-V and visualized by microscopy. Representative images are shown from two independent experiments. Green, Mu::GFP; red, Annexin V; and Blue, DAPI. All graphs represent one of two independent experiments with data expressed as mean ± SD. Significance was calculated by two-way ANOVA corrected by Bonferroni test for multiple comparisons (A) or T-test (B, C). *p ≤ 0.05, **p ≤ 0.01, ***≤ p 0.001.



We further demonstrated this decreased intracellular CFU by microscopically examining THP-1 monocyte-derived macrophages infected with Mu1615::GFP or Mu118::GFP at an MOI of 10, 48, and 72 h postinfection (Figure 2D and Supplementary Figure 1). These cells were stained with Annexin-V to mark apoptosis and necrosis. Annexin-V staining was observed in both Mu1615- and Mu118-infected cells. However, a reduced number of intracellular bacteria were observed at 72 h postinfection compared to 48 h postinfection in Mu1615::GFP-infected cells than Mu118::GFP-infected cells, demonstrating Mu1615::GFP escape due to the increased necrosis during mycolactone competent infections (Supplementary Figure 1).



Synthetic Mycolactone Induces Apoptosis, Necrosis, and Autophagy During M. ulcerans Infection

During infection with mycolactone-competent Mul, we observed a significant activation of mTOR. However, it is documented that synthetic mycolactone inhibits signaling of mTORC1/2, resulting in dephosphorylation and inactivation of the Akt kinase and induction of Bim-dependent apoptosis via the mTORC2–Akt–FoxO3 axis (24). The Akt-targeted transcription factor, FoxO3, is the central transcriptional regulator of Bim-induced apoptosis in mycolactone-treated cells. To confirm that synthetic mycolactone can modulate this pathway during Mul infection similar to bacterial mycolactone modulation, we treated infected THP-1 monocyte-derived macrophages with increasing concentrations of synthetic mycolactone. Synthetic mycolactone induced high levels of cytotoxicity at all concentrations in both uninfected and infected macrophages, as expected (Figure 3A). These data indicated that synthetic mycolactone induces lytic cell death, as observed in mycolactone-competent Mul infections.




Figure 3 | Synthetic mycolactone induces apoptosis, necrosis, and autophagy during Mul infection. (A) THP-1 monocyte-derived macrophages infected with Mu1615 or Mu::Tn118 at MOI 10 were treated with 200, 100, 20, and 0 nM of synthetic mycolactone. At 72 h postinfection, LDH release was measured. (B) Apoptosis and necrosis were assayed by staining with Annexin-V and 7-AAD in THP-1 monocyte-derived macrophages infected with Mu1615 or Mu::Tn118 at MOI 10 ± 100 nM mycolactone, 72 h postinfection. (C) THP-1 monocyte-derived macrophage cell lysates were plated for CFU enumeration at 72 h postinfection with Mu1615 and Mu::Tn118 at MOI 10 ± 100 nM mycolactone treatment. (D) THP-1 monocyte-derived macrophages infected with Mu1615 or Mu::Tn118 at MOI 10 were treated with pan-caspase inhibitor, Z-VAD-FMK (z-VAD), or 100 nM synthetic mycolactone (Mycol). At 72 h postinfection, apoptosis and necrosis were assayed by staining with Annexin-V and 7-AAD. * and # indicate the comparison with Mu1615 or Mu::Tn118, respectively. (E) THP-1 monocyte-derived macrophage culture supernatant and cell lysate were plated for CFU enumeration at 72 h postinfection with Mu1615 and Mu::Tn118 at MOI 10 with and without treatment of z-VAD or 100 nM Mycolactone. (F) Immunoblots were assayed from lysates of THP-1 monocyte-derived macrophages infected with Mu1615 or Mu::Tn118 at MOI 10 ± 100 nM mycolactone treatment, 72 h post-infection for LC3B-II, p-Akt, or p-S6. (G, H) Summary densitometric analysis was calculated by LC3B-II or p-S6 normalized to β-actin. All graphs represent one of two independent experiments with data expressed as mean ± SD. Significance was calculated by two-way ANOVA corrected by Dunnett’s test for multiple comparisons. *p ≤ 0.05, **p ≤ 0.01, ***≤ p 0.001, #p ≤ 0.05, ##p ≤ 0.01, ###≤ p 0.001.



As all tested concentrations of mycolactone induced cytotoxicity and many other studies have used 80 to 200 nM of synthetic mycolactone, we chose to conduct the remaining studies with 100 nM of mycolactone. Unlike Mu1615 infection, the addition of synthetic mycolactone induced apoptosis and necrosis with mycolactone-competent and -deficient Mul infection (Figure 3B), suggesting that synthetic mycolactone may modulate apoptosis induction differently to mycolactone produced during Mul infection. As expected, we observed that intracellular bacteria are decreased in macrophages 72 h postinfection during mycolactone treatment (Figure 3C). These data, taken together, highlight a critical role of mycolactone in modulating host death pathways.

To confirm that necrosis induced by mycolactone was responsible for bacterial egress from macrophages, we treated infected THP-1-derived macrophages with the pan-caspase inhibitor Z-VAD-FMK. Pan caspase inhibition demonstrated reduced levels of apoptosis and necrosis during Mul infection or synthetic mycolactone treatment (Figure 3D). In macrophages where caspase-dependent necrosis was inhibited, we also observed increased intracellular bacteria and decreased extracellular bacteria (Figure 3E).

Indicative of the shortcomings of the synthetic mycolactone model to determine its role during the early stages of infection, we found significant differences in autophagy induction and mTOR modulation by synthetic mycolactone and bacterial mycolactone. The addition of synthetic mycolactone to Mul-infected macrophages resulted in increased autophagy as measured by LC3B-II accumulation (Figures 3F, G). As predicted, this is due to synthetic mycolactone’s ability to inhibit mTOR, as measured by p-S6 and p-Akt (Ser473) accumulation, during infection (Figures 3F, H). mTOR activation and autophagy activation were simultaneously increased in a dose-dependent manner and responded to the presence of synthetic mycolactone (Supplementary Figure 2). These data indicated that while synthetic mycolactone is a valuable resource to help understand its ability to modulate host systems, it may overly simplify the complex infection dynamic to represent reality closely. To study the mycolactone–Mul–host infection dynamics more accurately, we have developed an inducible expression system for mycolactone.



Development of an Inducible Mycolactone Expression System

To comprehensively study the role of mycolactone during Mul infection, we developed an inducible mup045 expression system to restore mycolactone synthesis in the Mu::Tn118 mutant strain with a transposon insertion in mup045. Utilizing a previously described tetracycline-inducible promoter (36), the mup045 gene from Mu1615 was cloned into the tetracycline-inducible vector with a 3′ hemagglutinin (HA) tag (pTetR-mup045, Figure 4A) and transformed into Mu::Tn118, resulting in Mu::Tn118C′. The mup045-HA expression was confirmed by Western blot (Figure 4B), induced by anhydrous tetracycline (aTCN). The presence of the tetracycline-inducible construct (Mu::Tn118C′) did not affect the growth of Mu::Tn118 in vitro (Figure 4C). However, the induced expression of mup045-HA by aTCN addition (Mu::Tn118C′+) or the constitutive expression of mup045 in Mu::Tn118 (Mu::Tn118Con) decreased in vitro growth. A significant decrease in bacterial CFU from those liquid cultures at 18 and 40 days was shown (Figure 4D). A constitutive expression of mup045 under the HSP60 promotor is highly toxic in vitro (data not shown), underscoring an advantage of the inducible expression system described here. To confirm that mup045-HA expression resulted in mycolactone synthesis, we extracted mycolactone by Folch’s extraction method at days 3, 18, and 40 of in vitro growth. The significantly increased cytotoxicity of extractions from Mu1615 and Mu::Tn118C’ growth with aTCN to L929 fibroblasts was observed by MTT assay compared to Mu::Tn118 or the uninduced Mu::Tn118C′ (Figure 4E). Apoptosis and necrosis induction by the inducible mycolactone producers were also determined on L929 fibroblasts (Supplementary Figure 3). The synthetic mycolactone and mycolactone produced during infection cause substantial necrosis and limited apoptosis in fibroblast. These results suggest that mycolactone is an essential substance for the induction of necrosis, and there is a difference in the activity of mycolactone on different cell types.




Figure 4 | Expression of the mycolactone accessory gene (mup045) inhibits bacterial growth and restores mycolactone production in Mu::Tn118. (A) Plasmid map for pTetR-mup045 is shown. Expression of mup045 (blue) C-terminally tagged with HA is driven by the tetracycline promoter (pink). (B) Confirmation of expression of HA-tagged mup045 in Mu::Tn118 under the tetracycline-inducible promoter (Mu::Tn118C′) with (+) and without (-) 1 μg/ml anhydrous tetracycline (aTCN) at day 25 growth in 7H9. (C) Growth curve of recombinant Mu::Tn118 in 7H9 constitutively expressing mup045 (Mu::Tn118Con) or expressing mup045 under the aTCN-inducible promoter (Mu::Tn118C′) ± 1 μg/ml aTCN. (D) Correlating CFU from growth curves at days 3, 18, and 40 of growth in 7H9. (E) Cytotoxicity of mycolactone extracted from 7H9 cultures at days 3, 18, and 40 as determined by MTT assay in L929 cells. All graphs represent one of three independent experiments with data expressed as mean ± SD. Significance was calculated by two-way ANOVA corrected by Dunnett’s test for multiple comparisons. *p ≤ 0.05, **p ≤ 0.01, ***≤ p 0.001.





Induced Synthesis of Mycolactone Restores Necrosis, Allowing M. ulcerans to Escape From Infected Macrophages

Because we developed this system to enable the study of the role of mycolactone during early Mul infection, we first confirmed that this inducible system behaves as Mu1615 does. Mu1615, Mu::Tn118, and Mu::Tn118C′ were used to infect the THP-1 cells at MOI 10 for 3 days. The addition of 1 µg/ml aTCN during the Mu::Tn118C′ infection successfully induced the expression of mup045-HA in this system (Figure 5A). Mu1615 and Mu::Tn118C′ (+ aTCN) induced high levels of necrosis, resulting in increased bacterial egress from THP-1 cells 72 h postinfection compared to Mu::Tn118 infection (Figures 5B, D). Conversely and as observed in Figure 2, Mu1615 and Mu::Tn118C′ (+ aTCN) induced low levels of apoptosis and reduced intracellular bacteria in THP-1 cells 72 h postinfection compared to Mu::Tn118 infection. As expected, the induction of mup045-HA expression resulted in increased cytotoxicity in THP-1 macrophages 72 h postinfection than Mu::Tn118 infection, behaving like Mu1615 infection (Figure 5D). We also observed that necrosis induction by mycolactone-producing strains is significantly higher than non-producing Mul strains at 48, 72, and 96 h postinfection of THP-1 cells (Supplementary Figure 4). The enhanced necrosis correlates with a higher extracellular bacterial number for Mu1615 and Mu::Tn118C’ + strains (Supplementary Figure 5). Taken together, these data demonstrate that our tetracycline-inducible mycolactone synthesis system successfully complements Mu::Tn118 during macrophage infection. Perhaps even more significantly, we further demonstrated that phosphorylation and total abundance of S6 ribosomal and Akt proteins were not elevated, and autophagy inhibition is maintained in THP-1-derived macrophages infected with Mu::Tn118C′ (+aTCN), as observed in Mu1615 and Mu::Tn118 infection (Figures 5E, F, and Supplementary Figure 6).




Figure 5 | Induced synthesis of mycolactone restores Mu::Tn118 necrosis allowing for bacterial escape from macrophages. (A) Representative immunoblot for HA-tagged mup045 from THP-1 monocyte-derived macrophages infected with Mu::Tn118C’ ± 1 μg/ml aTCN at MOI 10, 72 h postinfection. A representative experiment from three independent experiments is shown. (B) Apoptosis and necrosis were assayed by staining with Annexin-V and 7-AAD in THP-1 monocyte-derived macrophages infected with Mu1615, Mu::Tn118 or Mu::Tn118C’ ± 1 μg/ml aTCN at MOI 10, 72 h postinfection. (C) THP-1 monocyte-derived macrophage lysates and culture supernatants were plated for CFU enumeration at 72 h postinfection with Mu1615, Mu::Tn118 or Mu::Tn118C’ ± 1 μg/ml aTCN at MOI 10. (D) THP-1 monocyte-derived macrophages infected with Mu1615, Mu::Tn118, or Mu::Tn118C′ at MOI 10, and culture supernatants were measured for LDH release at 72 h postinfection. (E) Immunoblots were assayed from lysates of THP-1 monocyte-derived macrophages infected with Mu1615, Mu::Tn118 or Mu::Tn118C’ ± 1 μg/ml aTCN at MOI 10, 72 h postinfection for LC3B-II, p-Akt, total Akt, phosphor-S6, or total S6. (F) Summary densitometric analysis was calculated by LC3B-II or p-S6 normalized to β-actin. All graphs represent one of two independent experiments with data expressed as mean ± SD. Significance was calculated by two-way (B, C, F) or one-way (D) ANOVA corrected by Bonferroni or Dunnett’s test for multiple comparisons. *p ≤ 0.05, ***≤ p 0.001.





Induced Synthesis of Mycolactone Restores Mu::Tn118 Function in a Murine Model of BU

Although an in vitro system to study mycolactone function during bacterial infection is a valuable tool, studying these interactions in vivo is vital to confirming the physiological relevance of such studies. To validate if the inducible system described above works in vivo, we utilized the mouse footpad model of BU infection. C57BL/6J mice were infected in the left hind footpad with 1 × 104 CFU, and footpad swelling was monitored for 14 weeks. Mice were infected with Mu1615 and Mu::Tn118C′. Mu::Tn118C’-infected groups were left untreated or treated with 1 mg/ml doxycycline in drinking water for ad libitum administration for 14 weeks of the experimental period (duration), or treatment was started 2 weeks postinfection (delayed) and maintained for the following 12 weeks. Doxycycline treatment resulted in footpad swelling in infected mice like that observed during Mu1615 infection (Figure 6A). Mu1615 and Mu::Tn118C′ (+doxycycline)-infected mice showed increased bacterial persistence for 4 and 10 weeks postinfection than Mu::Tn118C’-infected mice that did not receive doxycycline treatment (Figure 6B). This result was further confirmed by the increased presence of acid-fast bacilli as observed by histology (Figure 6C). Hematoxylin and eosin (H&E) staining also revealed increased cellular infiltrate during infection with Mu1615 and Mu::Tn118C′ (+doxycycline) than seen with Mu::Tn118C′ (-doxycycline). As we utilized a relatively low-dose infection model, by 14 weeks postinfection, we did not observe the establishment of an extensive necrotic infection in the footpad.




Figure 6 | Induced synthesis of mycolactone restores Mu::Tn118 function in a murine model of BU. (A) Footpad heights of C57Bl/6J mice infected with 1 × 104 bacteria of Mu1615 or Mu::Tn118C’ ± doxycycline in left hind footpads. Mean ± SEM of two independent experiments (n = 8 mice). (B) Bacterial burden of infected left hind footpads of infected mice 4 and 14 weeks postinfection. Mean ± SD of two independent experiments (n = 8 mice). Significance was calculated by two-way ANOVA corrected by Dunnett’s test for multiple comparisons. NS, not significant. **p ≤ 0.01, ***≤ p 0.001. (C) Representative H&E- and AFB-stained footpad sections are shown for mice at 14 weeks postinfection.



Our data taken together demonstrate an essential role for mycolactone during Mul infection. Using a tetracycline-inducible mycolactone synthesis system, we have identified an important role for mycolactone in inducing necrosis during Mul infection. Mycolactone synthesis is essential for bacterial egress from macrophages and the establishment of necrotic lesions during infection. Bacterial synthesis of mycolactone is unable to overcome mTOR induction and autophagy inhibition by Mul, unlike previous observations that mycolactone is a potent mTOR inhibitor and autophagy activator. Thus, the tetracycline-inducible mycolactone synthesis system developed in this study will help assess the mechanisms by which mycolactone induces necrosis during Mul infection.




Discussion

Virulent Mul secretes mycolactone, a cytotoxic exotoxin with a critical pathogenic role. In vitro assays have suggested that Mul uptake by macrophages is inhibited by mycolactone, and specimens from patients and mouse footpad lesions have shown a concentration of extracellular bacilli in central necrotic acellular areas. Thus, Mul has been previously classified as an extracellular pathogen. However, more recent in vivo data have demonstrated that upon Mul infection, there is likely a brief intracellular growth stage before establishing the necrotic ulcer (7, 30, 31). In vivo, intracellular growth of mycobacteria appears to occur by cycles of multiplication in individual macrophages followed by their lysis, egress of replicated bacilli, extracellular proliferation, and entry of these bacilli into new macrophages where the growth cycle is repeated (8, 24, 35). However, it is unclear if mycolactone is a prerequisite for the Mul life cycle.

We demonstrated that the mycolactone-competent strain Mu1615 is cytotoxic in THP-1-derived macrophages, primary murine BMDMs, and mouse fibroblast L929 cells. This toxicity was identified as necrosis (Figures 1, 2), which seems responsible for the increased bacterial egress from macrophages. The bacterial egress induced by bacterial or synthetic mycolactone was inhibited by adding a pan-caspase inhibitor, further supporting that caspase-dependent necrosis is the route by which Mul escapes macrophages. Similarly, virulent M. tuberculosis inhibits apoptosis and, instead, induces necrosis. Necrosis leads to intercellular dissemination of M. tuberculosis (37). Torrado et al. demonstrated that mycolactone-producing Mul is efficiently phagocytosed by murine macrophages, indicating that the extracellular location of Mul is not a result of inhibition of phagocytosis (30). Instead, an essential role of necrosis for bacterial egress from macrophages during Mul infection was demonstrated in this study. Of note, others have previously shown distinct morphological features indicating necrosis during Mul infection both in vivo and from biopsies from BU patients (29, 38).

The observation that cytotoxicity associated with mycolactone produced by Mul infection is necrosis, and not apoptosis as others reported (8, 24, 35), can be explained. First, the necrosis we observed is in fact secondary necrosis, which happens when phagocytes do not successfully take up apoptotic cells, and apoptotic cells proceed to the phase of late apoptosis (39, 40). Second, most studies tested the cytotoxicity of mycolactone (either purified from culture supernatant or synthetic) on L929 cells, not macrophages. One study compared mycolactone’s effect on macrophages and fibroblasts and demonstrated that apoptosis occurred after 2 days of treatment with mycolactone isolated from culture supernatants in the macrophage cell line as opposed to after 3 days of treatment for the fibroblasts (8). Our studies demonstrated much less apoptosis induction with Mu::Tn118 on L929 cells than THP1 or BMDM cells. Third, infection with pathogenic or non-pathogenic Mul modifies the interaction with the host and induces cell death pathways, different from the responses by purified mycolactone (without infection). It will be important to evaluate and compare the molecular mechanisms of different cell deaths by synthetic mycolactone or purified mycolactone from culture supernatants or mycolactone produced during the infection of Mul.

Similarly, a recent study observed that only mycolactone-producing Mul or vehicles collected from the infected macrophages infected with such Mul could induce pyroptosis with phenotypes of the production of IL-1b, targeting NLRP3/1 inflammasomes (41). The study further supports our result that mycolactone-producing Mu1615 prominently induces necrotic cell death. Both necrosis and pyroptosis represent inflammatory lytic cell death pathways and are reported to have the same physiological outcomes (membrane permeabilization and inflammatory cytokine release) (42). Our future studies will directly investigate if necrosis induced with an inducible mycolactone expression system is indeed pyroptotic or a regulated cell death that mimics features of apoptosis and necrosis, known as necroptosis (43–46).

Synthetic mycolactone can inhibit Akt by mTOR inhibition, driving apoptotic cell death (24); however, bacterially synthesized mycolactone cannot overcome mTOR or Akt activation by M. ulcerans infection, like the synthetic substitute (Figure 3F). While the addition of synthetic mycolactone did restore Mu::Tn118 necrosis, it also induced significantly more apoptosis than in WT Mu1615 infection (Figures 3B, C), unlike observations during mycolactone-competent bacterial infections. This result is not because 100 nM of synthetic mycolactone is significantly higher than mycolactone produced during infection since we observed the same findings with treatments of mycolactone as low as 1 nM (data not shown). Thus, data presented here suggest a more complex regulation than the direct inhibition of mTOR and Akt via mycolactone.

mTOR activation and autophagy induction simultaneously increased in a MOI-dependent manner (Supplementary Figure 2). The pathway for the mTOR-independent autophagy induction during mycobacterial infection is still unknown. Notably, we have previously demonstrated that all mycobacteria species tested are potent mTOR activators (26, 47). When synthetic mycolactone is added to the infected THP-1 cells, mTOR activation is significantly decreased to a similarly low level regardless of MOI (as indicated by the p-S6 signal), and autophagy increases, likely resulting from inhibition of the mTOR-dependent signaling. However, we still cannot explain the LC3BII level of uninfected cells treated with mycolactone being higher than the infected cells with mycolactone. The result may suggest that Mul encodes autophagy-inhibiting proteins seen in M. tuberculosis that interfere with autophagy activation (48–51). Although the mechanisms involved in the interactions between host and Mul are not known, these results again emphasize that studying the role of mycolactone in Mul pathogenesis and host response modulation should be interpreted with caution when experiments involve adding purified mycolactone to cell culture systems. Of significance, it has recently been shown that inhibition of Sec61 by mycolactone triggers an increase in initiation of canonical autophagy, which is translationally regulated through EIF2S1 phosphorylation (52).

Induction of mycolactone synthesis under its native promoter would be the most robust model for studying the role of mycolactone. It has recently been demonstrated that mycolactone synthesis genes, including mup045, are expressed by the SigA like promoter (53). Interestingly, it appears that Mul controls mycolactone synthesis posttranscriptionally in a mechanism that has not yet been studied and deciphered (53, 54). In a spontaneous healing murine model of BU, deficient levels of mycolactone are observed during the healing stage of the disease. Transcriptional analysis of the mycolactone synthesis genes during this time demonstrates no differences in mRNA levels compared to the ulcerative stage of infection. These observations indicate that Mul must adapt to its metabolic levels to survive spontaneous healing, thus lowering mycolactone production posttranscriptionally (55). If mycolactone levels in vivo are controlled by a posttranscriptional mechanism relating to bacteria metabolism, the induced expression of mycolactone under a tetracycline-constitutive promoter will provide valuable and accurate insights into the role of mycolactone during bacterial infection.

The mycolactone inducible system that we have created successfully complements Mu::Tn118 to WT function in vitro and in vivo. Induction of mycolactone synthesis successfully induces necrosis and bacterial egress with low levels of apoptosis in macrophages. Importantly, bacterial synthesis of mycolactone does not overcome the mTOR activation induced by Mul infection (Figure 5). It also restores bacterial function in a murine model of BU (Figure 6). Treatment of mice postinfection with doxycycline for the experiment duration demonstrated that footpad swelling increased bacterial survival, and increased cellular infiltrates as observed in WT Mu1615 infection compared to mice infected with Mu::Tn118C′ not treated with doxycycline (uninduced). Strikingly, mice infected with Mu::Tn118C′ without mycolactone synthesis induction display no signs of disease and very low bacterial numbers. This reduced bacterial survival and pathology of mycolactone-deficient bacteria can be rescued upon induction of mycolactone synthesis up to 2 weeks postinfection. The ability to induce mycolactone synthesis in vivo and in vitro during critical stages of infections will allow many further studies into the exact role of mycolactone during the intracellular infection stage and the progression of the necrotic disease.

Here, we chose to study the role of mycolactone in macrophages, a standard model for studying host–mycobacterial interactions. However, in both a guinea pig and a murine model of BU infection, neutrophils are the most common cell type identified cuffing the necrotic lesion (7, 28). Neutrophilic cellular debris was also identified within the necrotic lesion (28). These data suggest that Mul could reside in neutrophils upon host infection. However, mycolactone-deficient Mul is observed in granulomatous structures with a high proportion of macrophages in this guinea pig model of BU (28). In a peritoneal murine model of BU, a significant influx of both neutrophils and macrophages has been observed in response to several clinical isolates, demonstrating that macrophages are an essential immune infiltrate in response to Mul infection (29). As such, it will be interesting to examine the role of mycolactone in the induction of necrosis in neutrophils.

In summary, we have demonstrated that Mul drives necrosis to facilitate bacterial escape from phagocytic cells and establish the necrotic lesion associated with BU. We developed an inducible expression construct for mycolactone synthesis, restoring Mu::Tn118 to wild-type function in vitro and in vivo. Considering the discrepancy observed in Mul disease progression and pathogenesis with synthetic mycolactone, establishing these inducible strains will help further studies into how mycolactone modulates apoptosis and necrosis during the early stages of infection in vivo. We anticipate obtaining valuable insight into BU disease progression and another tool to develop more advanced treatment options.
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Supplementary Figure 2 | Immunoblots were assayed by Western blot for LC3B, p-Akt, and p-S6. THP-1 cells were infected with Mu1615 or Mu::Tn118 at MOI 2, 5, and 10 and incubated +/-80 ng/mL mycolactone for 72 hours. UI, uninfected.

Supplementary Figure 3 | Cytotoxicity of mycolactone synthetized or produced during infectionof L929 fibroblast was determined. L929 was infected with the indicated strains at MOI 10 ortreated with 50 ng/ml of synthetic mycolactone. Apoptosis/Necrosis staining at day 3 and 5- postinfection/treatment was performed. All graphs represent one of three independent experiments with data expressed as mean ± SD. Significance was calculated by Two-Way ANOVA corrected by Dunnett's Test for multiple comparisons. * p ≤ 0.05, ** p ≤ 0.01, **** ≤ p 0.0001

Supplementary Figure 4 | Flow cytometry analysis of apoptosis and necrosis over time is shown. A) Apoptosis and necrosis were assayed by staining with Annexin-V and 7-AAD in THP-1 monocyte-derived macrophages infected with Mu1615, Mu::Tn118 or Mu::Tn118C' ± 1 μg/mL aTCN at MOI 10, 48, 72, and 96 hours post-infection. B) THP-1 monocyte-derived macrophages infected with Mu1615 or Mu::Tn118 at MOI 10 were measured for LDH release at 72 and 96 hours post-infection. All graphs represent one of two independent experiments with data expressed as mean ± SD. Significance was calculated by Two-Way ANOVA corrected by Bonferroni Test for multiple comparisons. * p ≤ 0.05, ** p ≤ 0.01, *** ≤ p 0.001

Supplementary Figure 5 | THP-1 monocyte-derived macrophage lysates (intracellular) and culture supernatants (extracellular) were plated for CFU enumeration at 1, 2, 3, and 4 days postinfection with Mu1615, Mu::Tn118, or Mu::Tn118C' ± 1 μg/mL aTCN at MOI 10. Day 0 indicates the number of intracellular bacilli at 4 hours post-infection and indicates the infected bacilli. All graphs represent one of two independent experiments with data expressed as mean ± SD.

Supplementary Figure 6 | Immunoblots were assayed from lysates of THP-1 monocyte-derived macrophages infected with Mu1615 or Mu::Tn118 at MOI 10 ± 100 nM mycolactone treatment, 72 hours post-infection for total Akt or S6.
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Mycobacterium tuberculosis (Mtb) is the causative agent of human tuberculosis (TB) which primarily infects the macrophages. Nearly a quarter of the world’s population is infected latently by Mtb. Only around 5%–10% of those infected develop active TB disease, particularly during suppressed host immune conditions or comorbidity such as HIV, hinting toward the heterogeneity of Mtb infection. The aerosolized Mtb first reaches the lungs, and the resident alveolar macrophages (AMs) are among the first cells to encounter the Mtb infection. Evidence suggests that early clearance of Mtb infection is associated with robust innate immune responses in resident macrophages. In addition to lung-resident macrophage subsets, the recruited monocytes and monocyte-derived macrophages (MDMs) have been suggested to have a protective role during Mtb infection. Mtb, by virtue of its unique cell surface lipids and secreted protein effectors, can evade killing by the innate immune cells and preferentially establish a niche within the AMs. Continuous efforts to delineate the determinants of host defense mechanisms have brought to the center stage the crucial role of macrophage phenotypical variations for functional adaptations in TB. The morphological and functional heterogeneity and plasticity of the macrophages aid in confining the dissemination of Mtb. However, during a suppressed or hyperactivated immune state, the Mtb virulence factors can affect macrophage homeostasis which may skew to favor pathogen growth, causing active TB. This mini-review is aimed at summarizing the interplay of Mtb pathomechanisms in the macrophages and the implications of macrophage heterogeneity and plasticity during Mtb infection.
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Introduction

Tuberculosis (TB), the oldest global pandemic since prehistoric times, is caused by Mycobacterium tuberculosis (Mtb) which has co-evolved with humans for around 70,000 years (1, 2). While the exact evolutionary age of Mtb is contentious, it has been a cause of significant concern at least since Neolithic human expansion (3–5). As per the current estimates, a quarter of the world’s population has a latent form of TB (6) and around 10% of them may develop active TB during their lifetime (7). Annually, nearly 10 million people are affected with TB which causes nearly 1.2 million deaths (8). The situation is further complicated due to increasing numbers (21%, 0.46 million) of drug-resistant TB (9). Moreover, the control and management of TB has currently been affected due to the unprecedented COVID-19 pandemic ravaging the world (10). As a result, there have been a decrease in notifications and treatment trends and an enhanced mortality for TB. The WHO has therefore flagged concerns about the retardation in the milestones envisaged for the END-TB program (11). With decreased notification and treatment trends and enhanced mortality reported, the COVID-19 pandemic has been suggested to have reversed the years of progress made in TB control efforts (11).

The reductive evolution of the genome has enabled Mtb to evolve into a more virulent and successful pathogen (12, 13). The reductive evolution of Mtb from its evolutionarily close and mildly virulent species including M. kansasii and M. marinum has been reported (14–16). The actual size of the genome in common ancestors of mycobacteria is ambiguous; hence, it remains an open question whether a large number of open reading frames (ORFs) were lost during the reductive evolution.

Macrophages are the frontline cells of innate defense and are present in every major tissue. Macrophages play crucial roles in maintaining tissue integrity, homeostasis, and wound repair and regulating inflammatory processes (17, 18). Mtb also makes efficient use of macrophage heterogeneity and plasticity for productive infection and dissemination. Following infection through the aerosol route, mostly alveolar macrophages (AMs) in the lungs harbor Mtb. To survive immune or drug pressure, Mtb can acquire and maintain a “metabolically slowed” latent infection phase within the macrophages, which are the primary innate immune responders for eliminating the intracellular pathogens (19–24). However, it is largely unclear which macrophage subtype(s) Mtb prefers for its latent residency program. Mtb, thriving within the macrophages, has evolved a number of mechanisms to evade or counter the host immune response (25). As a result, macrophages serve as a suitable niche for the survival of Mtb, making it one of the most successful pathogens (26).

Macrophages are characterized based on their functional and spatial heterogeneity. For example, Kupffer cells that populate the liver and the glial cells or microglia present in the brain are both subtypes of macrophages. Ontologically, the resident macrophages that arise from the embryonic yolk sac remain within their designated tissue spaces for a lifetime or differentiate from the bone marrow (fetal liver at the prenatal stage)-derived myeloid mononuclear cells, giving rise to mature macrophages in virtually all the tissues (27, 28).

The primary organ for TB infection is the lungs which are predominantly populated by fetal liver monocytes, bone-marrow-derived resident AMs, and self-renewing macrophages that originate from the yolk sac (27–30). In response to inflammation, the recruited blood monocytes can differentiate into AMs in the tissue microenvironment and are termed as recruited AMs (31, 32). Interestingly, in a mouse model of mixed AMs, embryonic host-derived and donor-derived postnatal macrophages displayed minor (0.1% of all the genes) yet conserved differences in transcriptomic signature and exhibited overlapping functional attributes (29). Further studies have revealed significant differences in the metabolic, proliferative, and inflammatory states of the resident and recruited AMs. Macrophages derived from the circulatory monocytes are more proliferative and pro-inflammatory, are short-lived, and derive energy primarily from glycolysis (32).

The interstitial macrophages (IMs) are relatively stable and short-lived as compared with the AMs (33) and are localized in either the alveolar interstitial or peribronchial regions (31). Recent studies have described two distinct lineages of IMs consisting of 1) Lyve1lowMHC-IIhigh IMs with a role in antigen presentation and 2) Lyve1highMHC-IIlow perivascular IMs involved in wound healing and tissue repair (31). These subsets of IMs are conserved in mice and humans (33–35).

Depending on the activation status, macrophages were initially categorized into M1 type with pro-inflammatory attributes and M2 type with anti-inflammatory features (36, 37). However, the dichotomy of M1 and M2 types is now considered an oversimplification of the complex functional heterogeneity of the macrophages (38). Recent studies have shown diversity in macrophage populations which do not exhibit typical characteristics of either the M1 or M2 sublineages (39, 40). Therefore, a dynamic classification is needed to incorporate different subsets of macrophages, which may characterize beyond the dimorphic M1/M2 paradigm. The present classification of macrophages does not account for the microenvironmental conditioning and immunological stimulus which direct M1/M2 diversification. A clear-cut demarcation of the M1/M2 subset becomes obscure due to the coexistence of diverse stimuli in the inflamed tissues (41).

Hence, it was proposed to categorize macrophages based on the effector molecules they produce (Figure 1), for example, M(IFN-γ), M(IL-4), or M(IL-10) (42). M1-activated macrophage markers include inducible nitric oxide synthase (iNOS)/eNOS, IFN-γ, STAT-4, T-bet, SOCS3, CCR7, and CCL19/21. M1-activated macrophages have the absence (or low expression) of arginase-1/2, CD206, CD163, MerTK, STAT-3/6, Ym1/2, Fizz1, and MRC1 markers, which are predominantly expressed in M2-biased macrophages (43–48). M1 macrophages were also subcategorized as classical and innate activated macrophages, M1a and M1b, respectively (49).




Figure 1 | Heterogeneity of bone-marrow- or monocyte-derived macrophages and their physiological roles with reference to TB. The fate and function of recruited macrophages are generally shaped with influence from the local environment, stimulatory signals, and type of infection. Effector cells, including Th1/NK cells and APCs, displaying antigenic peptides from intracellular pathogens (or due to stimulation with LPS/IFN-γ), give rise to the M1 type of pro-inflammatory macrophages that either clear or restrain (through granulomatous response) intracellular infections including Mycobacterium tuberculosis (Mtb). M1 macrophages are generally characterized by a high level of pro-inflammatory mediators such as TNF-α, IFN-γ, IL-6, IL-12, IL-1β, IL-15, IL-23, CXCL-10, COX-2, and ROS/RNI and a low level of immune-regulatory molecules including IL-10, IL-4, TGF-β, and COX-1. In parallel, during invasion by an extracellular pathogen, Th2 cells/mast cells/basophils (or stimulation with IL-4, IL-10, IL-13, and immune complexes) act to differentiate macrophages toward the M2 state that generally ensure clearance of extracellular parasites. M2 macrophages are generally characterized by the production of a high level of IL-10, IL-1Ra, CCL17, CCL18, CCL22, Arg-1, fizz-1, Ym-1, COX-1, ALOX, etc. and a low level of TNF-α, IL-12, IL-23, and COX2 among others and further divided into various subtypes such as M2a, M2b, M2c, and the most recently described M2d. They are known for their role in promoting intracellular infections, for example, AMs in Mtb infection.



M2-activated macrophages showed greater diversity as compared with the M1 macrophages. Several subtypes of M2 macrophages such as the M2a/b/c and M2d are categorized based on different activation states and associated cytokine/chemokine signaling. M2a macrophages express CD206 (mannose receptor), differentiate in response to IL-4 and IL-13 (mainly produced by Th2 cells, mast cells, and basophils), and can downregulate pro-inflammatory responses (36, 47).

M2b macrophages, activated by immune complexes and TLR agonists, produce both pro- and anti-inflammatory cytokines (49). M2b differentiation is induced by IL-1R ligand or exposure to LPS. This phenotype is marked by a low expression of IL-12 and a high expression of IL-10 which favors Th2 type immune response (50).

M2c macrophages express anti-inflammatory cytokines such as IL-10, IL-21, TGF-β, or glucocorticoids. M2c macrophages are upregulated during the scavenging activity of the cellular debris and are associated with tissue remodeling (36, 47). Mtb-permissive M2c macrophages that get differentiated via activation of IL-10/STAT-3 signaling display angiogenic characteristics and are implicated in TB pathogenesis (43, 51).

M2d macrophage phenotypes were characterized from Fra-1-mediated differentiation of RAW264.7 macrophages upon induction with tumor cells. M2d macrophages have a characteristic low expression of IL-12 and high expression of IL-6 and IL-10 and exhibit immunosuppressive features of tumor-associated macrophages (TAMs) (52). M2d macrophages are also derived by co-stimulation with TLR and adenosine receptor agonists and are characterized by high levels of IL-10, VEGF, and iNOS expression, which are independent of IL-4Rα expression (53, 54).

Despite all these findings, characterization of the exact surface markers for distinguishing monocyte/macrophage subsets is challenging due to overlapping markers and due to the existence of hybrid subpopulations co-expressing both M1/M2 markers (55, 56). Therefore, renewed attempts are required to precisely describe cell surface markers which can define and delineate different macrophage subsets.

In Mtb infection, the enormous macrophage heterogeneity makes it difficult to delineate the macrophage subtypes that are protective or pathogenic in nature. In Mtb-infected lungs, distinct macrophage subtypes such as the AMs, monocyte-derived macrophages (MDMs), and IMs have been identified (30). In the initial stage of infection, AMs act as a niche for Mtb (57); later on, AMs move to the pulmonary interstitium to disseminate infection to other cell types including the recruited macrophages (58). The macrophages in murine lungs display additional heterogeneity with the presence of three distinct subsets of IMs: (IM)-1, 2, and 3 (34). Although IMs have a protective role in TB (59, 60), it is possible that some IM subsets can be potentially pathogenic which needs to be investigated. Additionally, a separate subset of lipid-rich foamy macrophages (FMs) has also been characterized in the Mtb-infected lungs (discussed later) (23, 61). Also, a recent study has identified distinct subsets of macrophages in the lungs of tumor-bearing mice, which do not fall under the purview of the common M1/M2 paradigm (40). The exact roles of these novel subsets of macrophage in Mtb infection are yet to be established and may be of significant interest in future studies.



Sequel of Infection After Inhalation of Aerosolized Mtb

The AMs are the first responder cells that encounter the aerosolized Mtb. AMs are poor at processing and presenting antigen to the T cells and produce minimal amounts of anti-mycobacterial effector molecules including the reactive oxygen and nitrogen species (62). Depletion of AMs in mice resulted in reduced Mtb burden and enhanced survival of animals (63). Upon encounter with Mtb, AMs engulf the bacilli in a phagosome which may fuse with the acidic lysosome. This process, called phagolysosome maturation, is subverted by Mtb to escape lysosomal sequestration and killing (64–66). Recent reports suggest that Mtb has evolved to not only survive but also replicate within phagosomes (67). Mtb perforates the phagosomal membrane and leaks out to the cytosol of the macrophage (68–70) where it can replicate or cause necrosis of the infected cells to disseminate, thereby infecting bystander cells (71, 72). Analogous to the lytic and lysogenic phases of the virus life cycle, Mtb probably represents a two-stage intracellular growth model. In the first stage of intracellular growth, Mtb resides in the phagosome where it replicates. In the subsequent stage, it reaches the cytosol where it can replicate and disseminate. However, the mechanistic details on how Mtb manages to replicate in the cytosol are largely unclear and need to be explored.

Mtb disrupts membrane-compartment integrity through the ESX-1 (73–75) and phthiocerol dimycocerosates (PDIM) (76) dependent mechanisms, both of which are generally absent in avirulent mycobacteria including the vaccine strain M. bovis BCG (77). ESX-1 is a component of the Mtb-specific type VII secretion system (T7SS) consisting of subclusters, ESX-1–5 (75, 78). The main effector of the Mtb ESX-1 system, ESX-A (ESAT-6), along with its substrate ESX-B (CFP-10) can cause membrane perforation (72, 79–81). The other components of the ESX system, ESX-3, ESX-H, and ESX-G, can also block phagolysosome maturation by inhibiting the ESCRT (endosomal sorting complex required for transport) assembly (82, 83). Mtb can also modulate apoptotic pathways (84–86) and autophagy (64, 86–89). The ESX-1 system effectors, including ESAT-6 and espB, suppress autophagy to favor mycobacterial survival inside the host cells (90, 91). ESAT-6 is known to induce apoptosis in Mtb-infected macrophages by inducing ROS production (92). The role of ESAT-6 is equally established in causing membranolytic activities and necrotic death of the infected host cells (72, 79–81). AcpM (Rv2244), an acyl career protein of Mtb, inhibits the ROS/JNK signaling pathway to arrest macrophage apoptosis, which can have potential implications in virulence and pathogenesis of mycobacteria (93). Moreover, Mtb-infected macrophages attain the M2 phenotype that produces IL-10 and lowers the ER stress to block apoptosis, thereby favoring intramacrophage bacillary survival (94).

Thus, Mtb has evolved multiple strategies to breach the innate immune defenses and can modulate macrophages into a permissive niche for its quiescent growth. The inhibition of phagolysosome maturation, dissemination via translocation to the cytosol, and modulation of programmed cell death mechanisms are all part of its defense strategies.



Macrophage Heterogeneity in TB

Samuel Behar and coworkers had demonstrated the role of innate immune cells including macrophages for the clearance of Mtb in an aerogenic infection model (95). The study showed a positive correlation between the augmented of protection against TB and early lymphatic dissemination of Mtb in resistant B6 mice, as compared with the susceptible strains. The study also showed that clearance of Mtb was associated with its rapid systemic spread, which causes potent immune priming and anti-mycobacterial response. Interestingly, T and B lymphocytes had no role in protection, which emphasized the crucial role of macrophages and other innate immune cells as primary defenders against TB infections (95).

Early clearance of Mtb has been associated with heightened innate immune responses and trained immunity (96, 97), notwithstanding the host genetic variability (98). Trained immunity, caused by epigenetic and metabolic reprogramming of innate immunity, confers cross-protection to the host against various pathogens (99). Trained immunity is non-specific and maintains a short-term memory that is independent of a somatic gene rearrangement scheme of adaptive immune cells (100). Monocytes/macrophages and NK cells are the major cells involved in trained immunity-mediated defense in TB and other infections (96, 97, 101–104).

In a study on human PBMC-derived macrophages, distinct DNA methylation patterns were observed in BCG-vaccinated responders compared with non-responders. Promoter sequences of genes responsible for immune responses showed loss of methylation, which corroborated with increased ex-vivo anti-mycobacterial activity (105). In mice, intravenous BCG administration led to epigenetic and metabolic reprogramming of hematopoietic stem cells, resulting in enhanced myelopoiesis at the expense of lymphopoiesis (106). Preferential myelopoiesis in BCG-immunized mice gave rise to monocytes and macrophages with “trained immunity” features that were associated with protection against Mtb infection in vitro and in vivo (106). In another report, priming of human monocytes (and mice) with fungal cell wall PAMP (β-glucan) resulted in enhanced protection against unrelated TB infection via IL-1 signaling-dependent trained immunity (107).

In mice, monocytes and macrophages display at least two distinct phenotypes based on the level of expression of Ly6c, a surface marker present on the cells of myeloid origin (108–110). Ly6chigh monocytes are recruited to the site of inflammation, while the Ly6clow subset patrols the blood vessels for vascular integrity (110, 111). Monocytes that infiltrate the site of inflammation or injured tissues can differentiate into cells that are either pro- or anti-inflammatory, depending on the microenvironmental stimulus. Ly6chigh pro-inflammatory monocytes convert into anti-inflammatory M2 macrophages and affected the significant regression of the atherosclerotic plaque (112) or inflammation-induced damage of liver tissue during chronic infection caused by Schistosoma mansoni (113). Inflammatory Ly6chigh monocytes/macrophages have a protective role against Brucella abortus infection (114), in contrast to their detrimental role in controlling visceral leishmaniasis caused by Leishmania donovani (115). Although Ly6c+(high/low) monocytes and monocyte-derived macrophages were significantly mobilized in TB-infected mice (111) and contributed to rBCG30 vaccine-induced protection (116), their exact role in the protection or pathogenesis of TB is yet to be fully elucidated. Infection with Mtb can modulate the macrophage from a pro-inflammatory to an anti-inflammatory cell type (25, 117), and the recruited monocyte-derived permissive M2 macrophages may also contribute to this pool; however, it is yet to be established. Two excellent reviews have been published on the functional and phenotypical heterogeneity of the cells of the mononuclear phagocyte system in the context of TB, which can be perused for a greater understanding of the topic (68, 118).



Interactions of Lung Alveolar Macrophages With Mtb

The upper regions of the lungs are constantly exposed to particulate stimulants like dust, pollen, and organic and inorganic particles as well as microbes (29, 119, 120). Macrophages can sense the pathogen/damage-associated molecular patterns (PAMPs/DAMPs) using the cell surface pathogen recognition receptors (PRRs) and initiate appropriate immune responses for clearance or containment of an underlying stimulant. Recurrent exposure causes persistent innate immune activation in the lungs. A subset of lung macrophages plays a regulatory/suppressive role in limiting the collateral immunopathological consequences (62, 119). AMs, given their predominant immunoregulatory role, are involved in taming excessive inflammation during Mtb infection (30, 62, 121). Despite their host-protective roles, AMs serve as a niche for Mtb and help subdue immune surveillance for Mtb clearance (58–60, 122). Mtb can subvert continuous innate cell resistance by masking its crucial PAMPs beneath the stealth coat of specialized PDIM lipids on its surface (120). It was suggested that PDIMs protect the Mtb from recognition and killing by highly phagocytic iNOS+ M1 macrophages and facilitate its smooth passage to the distal regions of the lungs (120). Mtb traverses through the pathogen-eliminating environment in the upper respiratory tract and preferentially resides in the distal ends of the lungs, and the mechanism by which Mtb reaches its preferred niche is largely unclear.

A two-pronged explanation of this phenomenon has been proposed based on the zebrafish model of TB. First, Mtb evades scrutiny by the mycobactericidal iNOS+ macrophages in the lungs by using cell surface PDIM lipids in a TLR2/MyD88-dependent manner (120). Secondly, virulent mycobacteria (such as M. marinum) exploit a unique lipid effector, phenolic glycolipid (PGL), to secrete CCL2, a chemokine ligand for CCR2, which recruits permissive macrophages to the infection site in a STING–CCL2–CCR2-dependent manner. This same mechanism may also facilitate the transfer of Mtb from the lung-resident AMs to the recruited permissive monocytes/macrophages for survival and dissemination (123).

Interestingly, a transcriptional repressor coded by Mtb Rv3167c negatively regulates PDIM expression, and a loss-of-function mutant (Mtb ΔRv3167c) was demonstrated to have an enhanced ability to escape the phagosome to the cytosol with augmented autophagic and necrotic cell death (124). The observed effects were attributed to the enhanced PDIM levels and were reversed in the double deletion mutant (Mtb ΔRv3167c Δmmpl7) with impaired PDIM production, confirming the central role of PDIM behind the enhanced virulence (124). More recently, PDIMs have been implicated in Mtb infection of the epithelial/endothelial cells (125, 126). Apart from other effectors that partner with PDIM in the Mtb virulence program, the ESX-1 operon effectors are also determined to be essential for PDIM conferred virulence to Mtb (127). BCG can produce PDIM but cannot escape phagosome due to a lack of RD components including ESX-1. Exploiting this fact, it was shown that transforming BCG with ESX-1 enables it to escape the phagosome, confirming that both PDIMs and ESX-1 are required for mycobacteria to escape the phagosomes (76). Concomitantly, multiple mutant strains impaired in producing PDIMs (ΔppsD, Δmas, ΔdrrC, Δhrp1, and Δrv0712) were inefficient in secreting ESX-1 effectors, highlighting the co-dependability of PDIMs and ESX-1 system proteins for mycobacterial virulence (128).

In addition to the recruited permissive macrophages, the lungs (murine) are home to the highly heterogeneous macrophage population (34, 40). The latest insight into the heterogeneity of lung macrophages in TB has been provided in a study by Cohen et al. (58) The study revealed an unexpected role of AMs and demonstrated that AMs translocate Mtb away from the alveolar space to the interstitium before the arrival of recruited myeloid cells in mice lungs. This is orchestrated jointly by Mtb ESX-1 components and host MyD88/IL-1R/ASC-mediated inflammasome signaling. The unexpected role of Mtb-infected AMs in traversing the epithelial boundary to deliver bacilli to the recruited monocytes/macrophages in interstitial space has renewed the interest in redefining the macrophage realm in TB-infected lungs. Plausibly, the newly identified monocyte-derived recruited AMs (31, 32) may overlap with the population identified by Cohen et al. (58) which are responsible for Mtb dissemination.



The Role of Recruited Interstitial Macrophages in TB

Recently, Russell and coworkers defined the dynamics, phenotype, and role of different macrophage subsets in the lungs of Mtb-infected mice using fluorescent Mtb reporter strains and macrophage transcriptomics data (59, 60). They demonstrated that Mtb predominantly inhabits the lung’s resident AMs for their unchecked growth, while monocyte-derived macrophage subsets (IMs) restrict Mtb survival in the lungs. It is apparent that Mtb faces less stress in AMs than in the IMs, making AMs a permissive niche for bacilli. These two macrophage subsets have shown distinct inflammatory states as a result of adopting different metabolic programs. The immunometabolic circuit of TB-loaded macrophages is described in Figure 2. It was demonstrated that AMs predominantly sustained fatty acid oxidation (FAO) and oxidative phosphorylation (OXPHOS), while pro-inflammatory IMs were committed to glycolysis for their sustenance. It has been shown that recruitment of macrophages is CCL2 dependent, and in CCL2-deficient mice, the migration and transformation of circulatory monocytes into the lung’s IMs is abolished with concomitant loss of Mtb infection control (59). The results were divergent from the earlier reports in the zebrafish infection model of M. marinum, where the Mtb lipid PGL exploits the host CCL2–CCR2 axis to recruit permissive macrophages which serve as a niche for Mtb growth (120, 123). These divergent findings need to be interpreted with caution as both studies were done in different model systems with different species of virulent mycobacteria (59, 120). This example also insinuates caution while translating findings from one model system to another and in humans ultimately. Additionally, it should also be noted that majority of the studies were carried out on cell lines in vitro which are not the exact representation of the complex macrophage landscape in tissues (129).




Figure 2 | An immunometabolic circuit that dictates macrophage fate and function in tuberculosis. M1 macrophages that restrict Mtb proliferation are generally glycolytically active and utilize more glucose to meet increased energy demand as a result of enhanced proliferation. M1 macrophages skip the tricarboxylic acid (TCA) cycle and prefer energetically favored lactate production from pyruvate even in the absence of oxygen (Warburg effect) to which support rapid cellular turnover and generation of anti-mycobacterial oxidative burst. Instead of the TCA cycle, they utilize the pentose phosphate pathway and citric acid cycle for extra-mitochondrial utilization of available fatty acids to meet increased energy demands to support activation of pro-inflammatory genes including NF-κβ, IRF-3/5, STAT-1, and HIF-1α and their downstream effectors such as TNF-α, IL-12, IFN-β/γ, CCL-5, and CXCL-4/9/10/11 to restrict Mtb growth. In stark contrast, both AMs and M2 macrophages that support Mtb persistence/proliferation elect cost-inefficient mitochondrial oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO) pathways to meet cellular demands. Mtb exploit these pathways to hijack host cells and utilizes the host’s own lipids to thrive in hibernation for longer periods. In M2 macrophages, it induces the cellular expression of anti-inflammatory mediators including STAT-3/6, C-Maf, and HIF-2α that stimulate the production of downstream anti-inflammatory effectors including IL-10, IL-1Rα, IL-4Rα, Arg-1/2, and PPAR-γ among others and thus make a permissive environment for Mtb growth as well persistence.



Nonetheless, the exact deciding factor(s) for the fate of mycobacteria-loaded macrophage is unknown. It could be dependent on the ontogeny of macrophages (embryonic or bone-marrow-derived) or the tissue microenvironment. The bone-marrow-egressed monocyte-derived macrophages are important innate responder cells during Mtb infection. The monocyte mobilization to Mtb-infected lungs is the result of emergency monopoiesis in bone marrow, rather than recruitment from blood (111). The classical Ly6chigh monocytes can replenish the local macrophage reservoir in Mtb-infected lungs, differentiate into protective IMs, and support local innate resistance against Mtb (59). Recruited inflammatory monocytes (Ly6chigh) enter the lung parenchyma and give rise to multiple subsets of macrophages and DCs. Among them, CD11chighCD11b+Ly6chigh DCs are involved in the transport of Mtb to the lungs draining mediastinal lymph nodes (111). Interestingly, Mtb hampers antigen processing and presentation by delaying the migration of local DCs to the draining lymph nodes during early infection. It uses this strategy as a means to delay the arrival of adaptive immune cells in infected lungs by ~10–12 days in mice (130) and up to 6 weeks in humans (7) to establish a chronic infection. Plausibly, the recruited monocyte-derived DCs in Mtb-infected lungs may represent a host strategy to pose a counter to Mtb-mediated suppression of adaptive immune priming of naive DCs and T cells in the local lymph nodes.



Mtb Promotes Biased M2 Shift in Macrophages to Dampen Host Immune Defense

Usually, bacterial pathogens induce a pro-inflammatory immune milieu that modulates macrophage polarization toward the M1 state, which can clear acute infections (47). Intracellular bacterial pathogens including Mtb (61), Listeria monocytogenes (131), and Brucella abortus (114) modulate macrophages toward an anti-inflammatory M2 state. This M1/M2 bias synchronizes intracellular bacterial fitness to favor either persistence or proliferation. Macrophages may kill Mtb or serve as a reservoir for intracellular Mtb persistence and proliferation and may be involved in immune regulation as well (87). M1–M2 switch in macrophages skews the transition from acute to chronic infection. Mtb has evolved strategies to escape M1-activated macrophage killings and drive phenotypic switch to the M2 polarization state to promote chronic infection (43, 117).

In an acute Mtb infection, the macrophage switches to the M1-polarized state and activates downstream PRR signaling to produce multiple host-protective effectors including reactive oxygen (ROS) and nitrogen (NO) species (47) and host defensins such as cathelicidin-related anti-mycobacterial peptide (Cramp) (132), all of which help kill Mtb. M1 macrophages initiate granuloma formation as a means to contain the infection. Overt M1 activation induces an exaggerated pro-inflammatory response that hampers tissue homeostasis and granuloma intactness. As a result, M1 macrophages skew toward M2 polarization to regulate inflammation and to promote tissue repair during Mtb infection progression in the chronic phase (121, 133). This plastic behavior during macrophage polarization depends on the distinct immune microenvironment, a result of extensive metabolic reshuffling. Macrophages undergo a metabolic shift from aerobic glycolysis to mitochondrial OXPHOS and glutamine metabolism (134) cater to its energy requirements during Mtb infection. In the lung lesions of TB patients, M1 macrophages are mostly present in non-granulomatous sites, whereas M2 macrophages predominate necrotic as well as non-necrotic granulomatous zones, which point to the principal role of M2 macrophages in granulomatous reactions as well as possible M1–M2 transition during infection (135).

ESAT-6 plays a significant role to skew M2 polarization for Mtb survival during an infection (94). Serine proteases (thrombin and trypsin) (136) and heat shock proteins Hsp70 (DnaK), Hsp60, and Hsp16.3 of Mtb are also involved in M2 polarization to shield the bacteria from the host immune pressure (137–139). ER stress-mediated apoptosis is typical in M1 macrophages to control infection (94). Apoptosis induces a drastic T-cell response which is less favorable for Mtb growth and dissemination (140). In contrast, cell death via necrosis, together with M2 shift in early infected macrophages, provides a permissive environment for Mtb proliferation (47). Thus, macrophage polarization is a crucial mechanism of virulence and pathogenesis of Mtb with contribution of multiple host and pathogen effectors, which needs to be explored in greater detail.



Differential Metabolism in M1/M2-Polarized Macrophages

Macrophage metabolic plasticity plays a significant role in disease pathology (141). Macrophage polarization defines the distinct metabolic profile of macrophages that drives differential macrophage activation (142). M1 cells actively use aerobic glycolysis (known as the Warburg effect in cancer cells) for bioenergetics and biosynthetic intermediates and also induce pentose phosphate pathway for ROS production. In contrast to M1, M2 cells prefer mitochondrial OXPHOS and glutamine metabolism as carbon and nitrogen sources, similar to the resting macrophages (36, 134, 143, 144). Arginine metabolism is involved in the differential regulation of macrophage polarization. L-arginine is a common substrate for iNOS as well as arginase-1. M1 macrophages produce iNOS that catabolizes arginine into L-citrulline and NO, which mediate cytotoxicity to control bacterial infection. Arginase-1 produces polyamine, L-ornithine, and urea linked to the wound-healing activity of M2 macrophages (145, 146). During TB, both iNOS (M1) and arginase (M2) compete for arginine, and this competition eventually shapes the dominant macrophage phenotype and functionality (M1 or M2), which is crucial for mycobacterial control (134). Lipid metabolism is also found to be differentially regulated in macrophage polarization. The COX-2 gene is upregulated in M1 macrophages, whereas COX-1 is upregulated in M2 macrophages (147). Membrane phospholipid-derived downstream metabolites of arachidonic acid (AA), prostaglandins, leukotrienes, and lipoxins play a diverse and essential role in shaping the immune response in TB, primarily by modulating cell death type (148–152). The delicate balance between the production and bioavailability of lipoxin A-4 (LXA-4) and prostaglandin E-2 (PGE-2) largely dictates the programmed death in Mtb-infected macrophage (148, 149). Mtb causes macrophage necrosis by inducing LXA-4 production and inhibiting PGE-2 (148). PGE-2 production is critical for apoptotic death of macrophage (148) and regulates anti-TB immune response primarily through its engagement with E prostanoid-2 (EP-2) receptor (153). While EP-2 promotes type 2 immune response (154), mice deficient in EP-2 develop pathogenic Th17 and Treg responses associated with poor clearance of Mtb.

Iron utilization is a classic hallmark of Mtb infection with the predominant role of PE/PPE proteins (155–161). M1 macrophages can sequester iron by high ferritin and low ferroportin ratio and also via heme uptake to maintain the bacteriostatic effect. This scenario is reversed in M2 macrophages, which reduces iron storage and releases iron to favor tissue repair and cell remodeling (162, 163). Heme is a cellular reserve of iron and Mtb is known to utilize heme for intracellular subsistence (159, 161, 164, 165). Heme oxygenase-1 (HO-1) has been reported to be upregulated in Mtb-infected mice, rabbits, and macaques (166). The induction of HO-1 is dependent on NADPH oxidase-dependent ROS production and nuclear translocation of the transcription factor NRF-2, which is mediated by ESAT-6 (166). Inhibition of HO-1 controls Mtb infection in macrophages in vitro and in mice via upregulation of NOS-2/IFN-γ and enhanced expansion of T lymphocytes (167, 168), which might be the result of macrophage reprogramming toward the pro-inflammatory M1 state. Furthermore, the essential Mtb gene ripA rewires the macrophage metabolism toward glycolysis by inhibiting mitochondrial oxidative phosphorylation (169). The glycolysis induced in RipA-treated RAW264.7 macrophages indicates RipA-mediated modulation of the macrophage phenotype which, however, was associated with poor intramacrophage growth control of recombinant Mycobacterium smegmatis expressing Mtb RipA. This observation, while underlining an important role of Mtb RipA, also motivates fresh investigations into the macrophage modulatory roles of unexplored Mtb effectors beyond common ESX system proteins.



Macrophage M1/M2 Paradigm: Conflicting Evidence From Human TB

Much that has been said and known about the heterogeneity of macrophages in TB is learned from animal models, primarily mice. Very few studies are available or being done that aim to characterize monocyte/macrophage dynamics in human lungs, a primary site of Mtb infection. This might be, in part, due to the ethical and anatomical challenges associated with collecting tissue/BAL samples from human lungs. While the M1/M2 dichotomy is largely established in the lungs and spleen of mice, the macrophage identity is not as demarcated in humans, and considerably divergent phenotypical heterogeneity has been reported in macrophages from various anatomical origins (55, 56, 122).

Emerging reports have indicated the presence of mixed macrophage phenotype (co-expressing both M1/M2 markers) in a range of conditions (55, 56, 170). AMs from human lungs, obtained from two geographically distinct populations of the UK and Malawi, were immunophenotyped. These AMs displayed mixed expression of M1 (CD80/86) and M2 (CD163/206) markers, which challenges the established dichotomy of the macrophage phenotypical identity (56). Another study has reported circulatory macrophage (CD204+CD163+CD206+TLR4+CD80+CD86+) and monocyte (CD14+CD206+CD163+CD204+TLR4+CD80+CD86+) populations that expressed both M1/M2 markers in systemic sclerosis patients and in interstitial lung disease (ILD) (55). In the context of TB, Lavelette and colleagues used microarray and qRT-PCR-based sequential approach to demonstrate differential immune response trajectories in BAL macrophages, obtained from human TB patients infected with clinical Mtb strains (170). Interestingly, differential response to two clinical Mtb strains belonging to LAM (Latin American and Mediterranean) lineage in pulmonary (the lung’s AMs) and extrapulmonary (splenic macrophages or SMs) sites was observed, with AMs showing a predominantly pro-inflammatory phenotype and SMs displaying a largely attenuated response. Moreover, when compared with uninfected macrophages from healthy controls, the TB-infected AMs displayed an attenuated transcriptomic response and regulation of critical gene sets related to anti-TB responses including ISGs, IFITs, and GBPs (IFN pathway), AIM2 (inflammasome) FCGR1A (fc receptor pathway), and TREM (myeloid receptor pathway), which suggest modulation of macrophage-specific immune responses. In addition to the tissue-specific macrophage responses, the two clinical isolates (UT127 and UT205) induced contrasting macrophage transcriptomic responses in human macrophages (22 and 5 genes induced, respectively). Differential responses were attributed to the altered virulence profile of the two isolates, despite belonging to the same lineage (LAM) (171), which suggest altered host immune trajectory as a plausible function of intrahost microevolution of the Mtb bacilli. However, the drug resistance profile of these isolates (which is unknown) might have provided additional correlates to the observed differential responses. Nonetheless, of the two isolates, one induced apoptotic cell death (UT127), while the other triggered necrosis (UT205), which itself attests to their altered virulence profile. Interestingly, the one that induced necrosis (UT205) displayed attenuated transcriptomic responses in macrophages as well, suggesting its higher virulence and immunosuppressive abilities.

In a latest attempt to characterize the spatial heterogeneity of macrophage identity and function at the primary site of TB infection, Pisu et al. recently defined at least four different subsets, each of the interstitial macrophages (IM 1–4) and alveolar macrophages (AM 1–4), in human bronchoalveolar lavage (BAL) and in mice lungs (122). The study, employing single-cell transcriptomic analysis of macrophages infected with fluorescence reporter strains for intramacrophage Mtb fitness, clearly defined substantial plasticity among lung macrophages. Both Mtb-permissive and Mtb-restrictive macrophage subsets were spotted among the lung’s resident AMs (AM2 being the most restrictive) and recruited IMs (IM2 being the most permissive). In addition, the study also identified CD11clow IMs/AMs in the lungs as predominantly permissive to Mtb growth which allows the development of drug tolerance as well (122). Of note, IMs and AMs were labeled restrictive and permissive, respectively, to Mtb growth in a previous study by the same group (60). Nevertheless, these lines of evidence provide important insights into the macrophage heterogeneity and plasticity in TB-infected lungs from mice and humans. These data clearly suggest that both the IM and AM sublineages of Mtb-infected macrophages contain permissive and controller subpopulations. It is therefore time to reconstruct the simplified dimorphic view of macrophage heterogeneity and to assess the enormous phenotypical and functional polymorphism present in Mtb-infected macrophage which may have far-ranging implications.

In addition to macrophage ontogeny, significant heterogeneity in Mtb-infected macrophages has been suggested to be due to the genetic differences among the infecting strains and lineage (171–174). Mtb isolates belonging to the hypervirulent modern strains have been associated with a lower inflammatory response in vitro by human or murine macrophages due to the predominance of anti-inflammatory M2-like monocytes/macrophages (175, 176).



Macrophage M2 Polarization and Drug Resistance in Mtb

Classically activated M1 polarization displays pro-inflammatory and antimicrobicidal activities (129). In contrast, alternatively activated M2 polarization plays a pivotal role in circumventing host immune defense during Mtb infection and may result in MDR/XDR-TB treatment failure to favor persistent infection (135). M1/M2 polarization of macrophages has a crucial role in the progression or regression of TB infection as a result of pro- or anti-inflammatory responses they exert, respectively. It was recently demonstrated that the M2 polarization rate and the M2 to M1 polarization ratio were significantly higher in the MDR/XDR-TB group as compared with the drug-susceptible TB group (177), reflecting the crucial role of macrophage polarization in drug resistance development. Thus, it may be an attractive host-directed avenue to modulate macrophage phenotype in drug-resistant (or even drug-sensitive) TB infection, with or without chemotherapy.



Macrophage Plasticity in Mtb Infection

The majority of macrophages are not terminally differentiated and are poised to reprogram either homeostatically or in response to infection and other stimuli such as cytokines, growth factors, hormones, small molecules, and metabolites including prostaglandins and leukotrienes. In TB-infected mice, recruited macrophages have a dynamic expansion and differentiation program, even during the chronic stage of infection (111). Moreover, substantial diversity and plasticity of macrophages have been observed in tuberculous granuloma (46, 178) which is spatially organized (133). The imbalance of this spatially organized granulomatous structure, required for containing Mtb, is reminiscent of progression to active TB and is largely dictated by macrophage polarization metrics in the granuloma microenvironment (179). Mtb transforms macrophages into multiple subtypes through a variety of mechanisms and exploits them for its survival.



Macrophage Reprogramming Into Epithelioid Cell, Multinucleated Giant Cell, and Foamy Cell

The macrophage at the core of granuloma undergoes a series of morphological changes including epithelioid cell differentiation to form “epithelioid” cells like macrophages. These epithelioid cells can further develop into multinucleated giant cells (MGCs), probably due to cell–cell fusion or cytokinesis failure (180–182). One of the well-characterized virulence schemes of Mtb is the modulation and differentiation of macrophages into lipid-rich foam cells (23, 51, 61, 183) that serve as a niche for Mtb persistence. In Mtb infection progression, macrophages convert into foam cells by importing and accumulating host lipids, mainly low-density lipoproteins (LDLs) and cholesterol (23, 51, 61, 183–185). In the following subsections, we will be discussing the origin and functionality of these macrophage subtypes which have been extensively studied and characterized for their role in TB progression.


Epithelioid Cells or Histiocytes

Mtb reprograms macrophages for granuloma formation via E-cadherin-dependent mesenchymal–epithelial transition. Epithelioid cells are characterized as hypertrophic, flattened in appearance, containing diffused cytoplasm and elongated nuclei with the interdigitating cell membrane, which enable the cell to stick and form an epithelioid barrier to persistently capture available antigen (186). These inflammation- or infection-induced histopathological transformations in macrophage microanatomy resemble an epithelial cell, thus acquiring the name epithelioid cells or histiocytes (187). Macrophage-derived epithelioid cells form the central scaffold of organized granulomas meant to be less accessible to immune cells and, thus, provide a favorable niche for mycobacterial persistence (186, 188–190). E-cadherin expression in motile mesenchymal cells induces transformation into the epithelial structure via the process of mesenchymal–epithelial transition (or vice versa) in tissue development (191) and cancer (192). Cronan et al. demonstrated that epithelial reprogramming is analogous to the mesenchymal–epithelial transition and is conserved within the tuberculous granuloma of mice and humans (186). They confirmed that the macrophage forms adherence junctions, desmosomes, and tight junctions as a prestructure for stable granuloma formation and speeds up infection trajectory. Host angiogenic signaling has also been implicated in macrophage epithelioid transition and formation of tuberculous granulomas with an important role of vascular endothelial growth factor-receptor (VEGF-R) (193). Therapeutic inhibition of granuloma vascularization and angiogenesis using VEGF-R antagonists not only reduces M. marinum infection in zebrafish but also synergizes with the anti-TB drugs rifampicin and metronidazole to improve bacillary clearance (193). Recently, signal transducer and activator of transcription (STAT)-6 signaling is found to be absolutely necessary for macrophage epithelialization and granuloma formation (194). By analyzing single-cell RNA-sequencing data from M. marinum and Mtb granulomas from zebrafish and macaques, respectively, the study concluded that the strong type-2 signaling mediated via the IL-4R/STAT-6 derives macrophage epithelialization and granuloma formation and is largely unaffected by the presence of robust type-1 immune signals.



Multinucleated Giant Cells

MGCs are polykaryons of monocytic origin, where multiple monocytes (or macrophages) fuse and differentiate into specialized MGCs (180, 195). Macrophage fusion occurs in the granulomatous region to form MGCs during mycobacterial infection. Mtb cell wall lipids, trehalose dimycolate (TDM), and lipomannan (LM) have been described to derive the formation of MGCs (183). In addition, macrophage exposure to cytokines IL-4 and IL-13 induces MGC formation (180). MGCs also possess a specialized ability to uptake large and opsonized complement particles mediated by CR3 signaling (196). However, in the context of mycobacterial infection, it was reported that MGCs contain very few bacilli and may be unable to phagocytose invading bacilli (190, 197). Classical and alternatively activated MGCs have been reported in acute and chronic TB infections, respectively (195). It is thus possible that MGCs typical of M2-type macrophages may enable rapid progression of chronic infection in TB. However, due to the paucity of credible evidence regarding the defined role and function of MGCs, they may continue to be considered a pathological hallmark of mycobacterial and other granulomatous infections.

Interestingly, the differentiation of MGCs has been shown to occur only in virulent Mtb complex organisms and not with other avirulent mycobacteria (197). MGCs are integral to granuloma formation and have a role in maintaining latency or conferring tolerance to Mtb. Recently, MGCs have been suggested to have originated from the common monocyte progenitor (CMoP) or inducible monocyte progenitor (iMoP) population in circulation (198). Their poor phagocytic activity and absence in disseminated TB during immunosuppression is intriguing and suggestive of their role as a niche for latent Mtb (198). MGCs contain plenty of cholesterol and other fatty acids, a preferred energy source for intracellular Mtb persistence (184). Moreover, TLR2-mediated Mtb modulation of macrophages induces excess NO production, leading to DNA damage and impaired p53 function and consequential establishment and differentiation of permissive MGCs (199). While these reports highlight that MGCs serve as a niche for mycobacterial survival, some earlier reports have demonstrated the protective role of MGCs in TB. Specifically, cytokines IFN-γ and IL-3, in combination with some other factors, have induced MGCs that limit mycobacterial infection in vitro (200, 201). In the face of these contrasting reports, more studies are required to assess the exact role of MGCs in mycobacterial pathogenesis, particularly in the context of humans. This gap in knowledge about the functional role of MGCs is an active area for future research.



Foamy Macrophages

FMs are lipid-enriched macrophages formed due to uptake of LDL or oxidized LDL via LDL receptor or scavenger receptor-A (SR-A) and CD36, respectively, in response to TLR2 activation by mycobacterial components, pro-inflammatory chemokines, and cytokines (23, 61, 183, 202). The lipid-rich environment of FMs allows Mtb transition into the latent phase with ample access to nutrients in the form of intracellular lipids (203).

FMs can also arise through phagocytosis of platelets by monocytes. Platelets, when co-cultured with monocytes in the presence of mycobacteria, induce the formation of multinucleated giant foam cells (185). Interestingly, despite their increased phagocytic activity and BCG uptake, FMs display predominantly the M2 phenotype and produce IL-10 abundantly (185).

LDL and lipid-loaded platelets break down into triacylglycerol, phospholipids, and cholesterol (183). In mycobacterial infection, cholesterol gets accumulated within the macrophages in the form of lipid droplets or effluxes via ATP-binding cassette (ABC) transporters (183, 204). The ABC transporters, ABCA1 and G1, are key mediators of cholesterol efflux and their absence exacerbates FM formation (183). Accumulated cholesterol also modulates inflammatory responses by producing leukotrienes and prostaglandins (183, 205, 206). Mtb also utilizes the host cholesterol using the mce4 locus (analogous to mammalian ABC transporters) for its survival and persistence during the chronic phase of infection, which supports its preference to induce differentiation of host lipid-rich macrophages (184).

In addition, the triacylglycerol synthase 1 (Tgs1) of Mtb helps in the accumulation of triacylglycerol (TAG)-derived fatty acids/triglycerides in macrophages (207). Mtb’s cell wall long-chain fatty acid and oxygenated mycolic acid induce human macrophage differentiation into FMs, which serve as a nutrient reservoir for the persistence of dormant Mtb for longer periods (22).




The Heterogeneity and Plasticity of Macrophages in Tuberculous Granuloma

Small aerosol droplets containing Mtb from infected carriers enter the lungs through inhalation where it is phagocytosed by AMs (26). Mtb remains unhindered within AMs and recruits permissive macrophages through coordinated usage of surface-expressed lipid PGL/PDIM (120). PDIM is a cell wall-derived component present exclusively in the pathogenic strains of mycobacteria (208, 209) and all clinical isolates of Mtb (26). The conical shape of PDIM augments membrane fusion to allow efficient Mtb uptake via endophagocytosis (210). PDIM is transferred from the Mtb cell wall to the macrophage’s lumen through the formation of PDIM aggregates in transient membrane stalks and enhances the non-bilayer phase followed by an endocytic uptake and phagosome formation (210). The phagosomal encasement consists of both the host and Mtb lipids, where Mtb survives for an extended period and disseminates to distant locations (210, 211). Mtb, once able to invade AMs in the upper airways, finally settles down to the extreme ends of the lungs (26, 120). Here, it replicates and triggers necrotic death of the infected cells, thereby infecting bystander cells (30, 71) and causing a cascade of immune reactions (212). These local inflammatory reactions and release of myriad chemokines/cytokines recruit neutrophils (30), MDMs (111), and DCs (213) that engulf and transport Mtb to the draining lymph nodes to activate T-cell-mediated adaptive immune response (130). By the time the adaptive immune cells get activated and reach the infected lungs, the cells of the innate immune system and local non-immune cells cordon the Mtb in a granulomatous structure, where adaptive T and B cells further add to make the outermost layer (190). Thus, granuloma forms during the critical time window when innate immunity fails to contain the growing Mtb burden, following initial exposure, and adaptive immunity cannot respond within time. Traditionally, granuloma has been seen as a host-protective measure to contain Mtb infection (133, 214); however, growing evidence also suggests its pro-mycobacterial role (186, 188–190, 194).

Macrophages, especially AMs, act as a perfect ecosystem for intracellular adaptation of Mtb and to achieve persistent infection. Mtb-encapsulated granulomas are a highly organized structure containing a pro-inflammatory core and surrounding periphery with a strong anti-inflammatory signature (133, 214), thus holding a pro- and anti-inflammatory balance to keep itself intact and non-disseminative. The formation of caseous necrotic granuloma is the hallmark of uncontrolled Mtb infection and TB disease progression (190, 215). The classic necrotic granuloma has a necrotic core containing extracellular bacteria surrounded by epithelioid histiocytes and macrophages and an outer cuff of macrophages intermixed with lymphocytes (214). As granuloma matures, a number of cell-like granulocytes, monocytes, DCs, B cells, T cells, NK cells, and fibroblasts migrate to the structure and surround the macrophage core (141, 216, 217). This may cause exaggerated and uncontrolled inflammation which induces pathophysiological changes at the final stage of granuloma formation and is associated with tissue damage and morbidity (141). In a C3HeB/FeJ mouse model of tuberculous granuloma, the central caseous necrotic regions are reminiscent of immune defense and restrain the TB bacilli. However, dysregulated inflammation-induced neutrophil and lymphocyte infiltration causes liquefaction of packed granulomas that led to mycobacterial dissemination and development of active TB (218, 219).

Cytokine signaling mediates the conversion of macrophages into heterogeneous phenotypes within the granuloma encasing TB bacilli. A computational model defines the metrics of macrophage polarization as a function of cytokine signaling (179). It examined the ratio of the temporal expression of STAT-1 and NF-κβ (pro-inflammatory) to STAT-3 (anti-inflammatory) in the macrophage and concluded that the expression level of NF-κβ can dictate macrophage or granuloma polarization and outcome in TB, whether protective or disseminative.

In an in-vitro differentiated model of tuberculous granuloma from human MDMs, M1 polarization of macrophages predominated the early stage of granuloma formation and decreased over time, while M2 polarization gradually increased during the late stage of granuloma formation (135). The study also utilized lung tissues from TB patients to show predominant M2 polarization of macrophages in necrotic and non-necrotic granulomatous lesions, whereas non-granulomatous sections were mixed, populated with both M1 and M2 macrophages (135). Thus, tuberculous granulomas are highly plastic with spatial and temporal heterogeneity which dictates the eventual outcome of Mtb infection.

Although the plasticity of macrophages has long been appreciated, this dogma is getting challenged based on recent epigenetics and single-cell transcriptomics studies that hypothesize that the plasticity of macrophages is lost due to an extended residency in a particular tissue type or restricted to favor tissue homeostasis (31) or reprogram epigenetically depending on the tissue microenvironment and local inflammatory and metabolic signals during steady state or inflammation (220, 221).



Concluding Remarks

The co-evolution of Mtb and its human host is in progress from prehistoric times (2). Despite numerous efforts, Mtb eradication is still a far-reaching target due to multiple factors. As macrophages are considered to be the primary niche for replication and persistence of Mtb, macrophage heterogeneity and plasticity allow them to be in multiple phenotypic and metabolic states which are skewed in favor of Mtb in the granuloma. However, recent reports emanating from epigenetics and single-cell transcriptomics studies have contradicted the established dogma about the plasticity of macrophages. Fresh evidence suggests that the plasticity of macrophages is lost due to an extended residency in a particular tissue type or is restricted to favor tissue homeostasis (31). Studies aimed at defining the actual dynamics of complex transitional states of macrophage populations based on tissue microenvironment and epigenetic landscape will be key to pinpoint the macrophage subsets as protective or pathogenic in TB. Nonetheless, strategic manipulation of macrophage activity and its phenotypic states can be effective to counter Mtb. Also, this may open new frontiers to clear off the persisting reservoir of Mtb, which is a source of continued supply of new infection cycles.
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As the goal of a bacterium is to become bacteria, evolution has imposed continued selections for gene expression. The intracellular pathogen Mycobacterium tuberculosis, the causative agent of tuberculosis, has adopted a fine-tuned response to survive its host’s methods to aggressively eradicate invaders. The development of microarrays and later RNA sequencing has led to a better understanding of biological processes controlling the relationship between host and pathogens. In this study, RNA-seq was performed to detail the transcriptomes of M. tuberculosis grown in various conditions related to stresses endured by M. tuberculosis during host infection and to delineate a general stress response incurring during persisting macrophage stresses. M. tuberculosis was subjected to long-term growth, nutrient starvation, hypoxic and acidic environments. The commonalities between these stresses point to M. tuberculosis maneuvering to exploit propionate metabolism for lipid synthesis or to withstand propionate toxicity whilst in the intracellular environment. While nearly all stresses led to a general shutdown of most biological processes, up-regulation of pathways involved in the synthesis of amino acids, cofactors, and lipids were observed only in hypoxic M. tuberculosis. This data reveals genes and gene cohorts that are specifically or exclusively induced during all of these persisting stresses. Such knowledge could be used to design novel drug targets or to define possible M. tuberculosis vulnerabilities for vaccine development. Furthermore, the disruption of specific functions from this gene set will enhance our understanding of the evolutionary forces that have caused the tubercle bacillus to be a highly successful pathogen.
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Introduction

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), is an intracellular pathogen that has infected humans for millennia. Yet, despite a vaccine, BCG, developed a century ago and a TB pharmacopeia composed of at least 10 TB drugs targeting various M. tuberculosis pathways, TB remains the second leading cause of death among infectious agents after COVID-19. Notably, TB had killed one third of the world population in the 19th century and over a hundred million people in the 20th century. Sadly, TB will most likely become again the leading cause of death among infectious diseases in 2023. To achieve the United Nations health target of ending TB epidemic by 2035, the TB community is focusing on creating better diagnostics, better vaccines, better drugs, and shorter drug treatment. There has been less than a handful of novel TB drugs approved for TB treatment in the past 50 years and the search for new drugs that could shorten chemotherapy to weeks instead of months is actively ongoing. In contrast, the only approved TB vaccine, BCG, is more than a century old and its efficacy is far below the COVID-19 vaccines that were generated within two years of the beginning of COVID-19 pandemic. The ideal TB vaccine(s) should protect against TB infection, TB disease development and TB relapse in all age groups (1). A therapeutic vaccine as an immunoadjuvant to TB treatment could also shorten drug treatment and prevent relapse. To accomplish these goals, the identification and validation of new M. tuberculosis antigens and new targets that affect M. tuberculosis viability are needed.

The intracellular lifestyle of M. tuberculosis requires the bacterium to encounter multiple stresses caused by the host defense mechanisms. When M. tuberculosis enters its host, the bacterium is most often phagocytized by alveolar macrophages (2). Upon maturation of the phagosome, M. tuberculosis faces various host bactericidal and environmental defenses including acidification, reactive oxygen species, generation of nitric oxide, nutrient limitation, and a low oxygen environment (3). To survive such an environment, this exemplar intracellular pathogen has developed specific responses to evade phagosome acidification, phago-lysozyme fusion, attack from reactive oxygen and nitrogen species, and deprivation of key nutrients (3, 4). Indeed, these “toxic triggers” appear to transform the bacilli into a more stress-resistant bacilli (5, 6). In this study, we performed RNA-seq to establish gene expression and to compare the transcriptomes of M. tuberculosis grown in vitro in four conditions mimicking stresses found in the host cell: nutrient starvation, dormancy, hypoxic and acidic environment in order to identify correlating genes important in each of these “triggers”.

RNA-seq of M. tuberculosis grown in vitro in specific environments or in macrophages has been extensively analyzed to study gene adaptation to short-term stress conditions (7–13). Our goal was to establish the transcriptome of M. tuberculosis persisting in a variety of long-term stress conditions encountered within the macrophage environment. David Sherman’s group had performed a similar study of M. tuberculosis cultivated under hypoxic conditions for 14 days, which resulted in the identification of the Enduring Hypoxic Response (14). Our aim in this study is to identify the enduring stress response which leads to the survival and adaptation of increased phenotypically-resistant bacteria by comparing “intracellular” conditions ex vitro. Starting from the same individual cultures of M. tuberculosis exposed to hypoxic (1% oxygen, the intracellular oxygen level found in M. tuberculosis-infected human macrophages (15)), acidic, nutrient starvation or stationary phase conditions for a minimum of 14 days, RNA-seq experiments enabled us to establish similarities and differences in gene expression according to the stress induced. The genes and pathways allowing for the long-term stress survival of M. tuberculosis could lead to the identification of much needed novel targets for drug or vaccine development to combat the “enduring” M. tuberculosis pandemic.



Materials and Methods


Bacterial Strain and Materials

M. tuberculosis H37Rv was obtained from Dr. Jacobs’ laboratory stock. Chemicals were obtained from Thermo Fisher Scientific (Waltham, MA) or Sigma (St Louis, MO).



Growth Conditions for M. tuberculosis Cultures Under Various Stresses Prior to RNA Isolation

M. tuberculosis H37Rv was grown in Middlebrook 7H9 (Difco, Sparks, MD) supplemented with 10% (v/v) OADC enrichment (5% (w/v) bovine albumin fraction V, 2% (w/v) dextrose, 0.003% (w/v) catalase, 0.85% (w/v) sodium chloride in water), 0.2% (v/v) glycerol and 0.05% (v/v) tyloxapol (7H9-OADC-gly-tylo). The M. tuberculosis H37Rv culture was then sub-cultured into 15 individual cultures [10 ml, OD600 nm ~ 0.05; three replicates per condition for the five conditions tested (exponential growth, nutrient starvation, stationary phase, hypoxic, and acidic environment)] which were incubated shaking at 37°C to the appropriate OD600 nm and exposed to the different conditions. Three M. tuberculosis H37Rv cultures were incubated shaking at 37°C to an OD600 nm ~ 0.63 for exponential phase condition. For nutrient starvation, three M. tuberculosis cultures grown to OD600 nm ~ 0.8 were washed twice in PBS supplemented with 0.05% tyloxapol (v/v) and resuspended in 10 ml of PBS supplemented with 0.05% tyloxapol (v/v). The cultures were incubated shaking at 37°C for 14 days. Stationary phase cultures of M. tuberculosis were obtained by incubating three M. tuberculosis cultures shaking at 37°C for four weeks. Three actively growing M. tuberculosis cultures (10 ml, OD600 nm ~ 0.15) were grown under hypoxic conditions by shifting the cultures to a glove box (Coy Laboratory Products, Grass Lake, MI) containing 1% oxygen and 5% CO2. The level of oxygen was maintained at 1% by automatic injection of nitrogen into the chamber. The cultures were incubated at 37°C in 1% oxygen for 14 days. Three actively growing M. tuberculosis cultures (10 ml, OD600 nm ~ 0.1) in 7H9-OADC-gly-tylo were spun down and resuspended in 7H9-OADC-gly-tylo acidified to pH 5.8 with hydrochloric acid. The cultures were grown shaking at 37°C for three weeks, diluted to an OD600 nm ~ 0.1 in 7H9-OADC-gly-tylo-pH 5.8 and incubated shaking at 37°C for 14 days. Samples from each stress conditions were taken at different times, diluted in PBS and plated onto Middlebrook 7H10 (Difco) supplemented with 10% (v/v) OADC enrichment and 0.2% (v/v) glycerol for colony-forming units (CFUs) determination.



RNA Isolation

The 15 cultures of M. tuberculosis (see above) were spun down and resuspended in 1 ml Qiagen RNA protect (Qiagen, Germantown, MD) overnight. The suspensions were spun down and the cell pellets were resuspended in 1 ml TRIzol (Invitrogen). The suspensions were transferred to Fast-Prep Blue Cap tubes and processed in a Fast-Prep apparatus (MP Biomedicals, speed 6.5, 30 sec, 3 times with a 5 min rest in ice between run). The samples were spun down at 4°C for 10 min. The supernatants (0.7 ml) were removed to new tube containing 0.7 ml of 100% ethanol. The samples were then transferred to a Zymo-Spin IICR Column (Zymo Research, Irvine, CA) and processed according to the manufacturer’s Direct-zol™ RNA Miniprep protocol.



RNAseq Library Preparation

The same amount of RNA (about 500 ng per sample) was used for library preparation of each sample. Total RNA was processed with NEBNext bacterial rRNA removal kit (E7850) with the addition of 2uM custom probes targeting M. tuberculosis to remove rRNA. Subsequently the rRNA depleted RNA was used to prepare directional RNAseq library using NEBNext Ultra II Directional RNA Library Prep Kit (E7760) following the manufacturer’s instructions. The dual indexed libraries were sequenced using Illumina Novaseq (50bp paired-end) to generate between 5-7 million reads.



Bioinformatic Analysis

The genome version ASM19595v2 and corresponding annotation of M. tuberculosis H37Rv strain were used for all the analyses. We trimmed the illumina adapter sequence from the paired-end RNA-seq reads using Trimgalore (version 0.4.4 with parameters –length 25 –stringency 3) (https://github.com/FelixKrueger/TrimGalore). Next, we aligned the trimmed paired-end reads to the H37Rv genome using bowtie2 alignment (version 4.8.5) (16). The number of reads that were directionally aligned to the annotated genes and FPKM (Fragments Per Kilobase of transcript per Million mapped reads) were counted using featureCounts (version 1.6.0) with parameters: -p -M -t gene -g ID -s 2. RNA-seq normalization was based on similar number of reads for each library and DESeq2 (version 1.30.1) (17) in the statistical analysis, which considers the differences in library sizes (number of reads mapping to M. tuberculosis) and composition (gene expression). The Normalization was done before the differential gene expression analysis (DESeq2 counts with normalized=TRUE). The differential expression analysis was performed considering the replicates with the default parameters of DESeq2: the gene expression under the four stress conditions was compared to the expression under the exponential stage. The genes having padj <0.05 were defined as significantly differentially expressed genes. Expression clustering was performed on the output of DESeq2 using the log2FoldChange. Clustering was performed using pheatmap with euclidean distances, a maxclust of 35 and a complete clustering method (clustering_method = “complete”).




Results


Growth Conditions and RNA-Seq Experiments

Regulation of gene expression constitutes a main component of the mycobacterial response to environmental conditions and stress changes. To investigate the effects of the intracellular stresses encountered on M. tuberculosis gene expression, M. tuberculosis was grown in vitro in four stress conditions intending to resemble the conditions present in macrophages infected by M. tuberculosis: nutrient starvation (PBS), dormancy (stationary phase), acidic (pH 5.8) and hypoxic (1% oxygen) environment for 14 days. The gene expression profiles were obtained by RNA sequencing of the transcriptome. Directional RNA-seq was performed in biological duplicates after isolation of total RNA from M. tuberculosis grown in exponential phase or under the four stress conditions described above. Prior to library preparation, rRNA were removed and about 5-7 million paired-end illumina reads were sequenced for each library. Reads were mapped to the M. tuberculosis reference genome using bowtie2 alignment (16). rRNA represented less than 1% of all RNA-seq reads for most libraries (Table S1). The expression levels of the 4014 annotated non rRNA genes were estimated based on the number of mapped reads using DESeq2 (17). Thereby, the differentially expressed genes in each stress condition compared to the exponential growth condition were identified using Deseq2 (Figure S1A). Gene expression between the two biological replicates reveals high correlation (Pearson correlation > 0.99, P-value < 2.2x10-16) for all conditions examined (Figure S1B).



Genes Differentially Regulated in All Stress Conditions

The RNA-seq set encompassed expression data for 4014 genes with a fragment per kilobase million (FPKM) ranging from 0 to 8600 (Table S2a). To compare the transcriptome of M. tuberculosis grown under all conditions, the euclidean distance between samples was measured to describe the similarity of gene expression profile (Figure 1). Among the four stress conditions, the gene expression pattern of acidic condition was most similar to the exponential growth condition, while the pattern of hypoxic condition was the most different. The gene expression in each stress condition was then compared to the transcriptome of exponential phase M. tuberculosis grown exponentially in standard medium. Genes were considered significantly up- or down-regulated compared to exponential growth conditions when the log2 fold change in expression was higher than 2 or lower than -2, respectively, with an adjusted p value of less than 0.05. An average 1050 genes were differentially transcribed in each stress condition except for the acidic stress, which had less than 200 genes differentially regulated (Table 1). This low number of genes differentially expressed at acidic pH might be due to the ability of M. tuberculosis to establish a slow and partial growth at pH 5.8, while growth was arrested in the other stress conditions (Figure S2). The most represented functional categories for differentially expressed genes belonged to the cell wall and cell processes (17-19%), intermediary metabolism and respiration (20-25%) and conserved hypotheticals (25-29%) [based on mycobrowser functional categories (mycobrowser.epfl.ch/)]. The dataset was initially partitioned into 35 expression clusters (Table S2b), which confirmed that the hypoxic and stationary phase conditions had the most similarities while the acidic condition stands apart from the other three stress conditions (Figure S3). This expression clustering also uncovered sets of genes that were commonly differentially regulated in all stress conditions.




Figure 1 | (A) Heat map showing the expression level of 4014 genes using Z-score for normalized FPKM value. Red represents high expression level, while blue represents low expression level. The two-way hierarchical clustering is based on euclidean distance, showing similarity between different samples. (B, C) Heat map of the genes up- (B) and down-regulated (C) in all stress conditions. The log2 fold change is indicated in each cell for the specific gene/stress condition combination: hypoxic, 1%O2; nutrient starvation, PBS; acidic, pH; stationary phase, StPh. Functional categories are as follows: 0 virulence, detoxification, adaptation; 1 lipid metabolism; 2 information pathways; 3 cell wall and cell processes; 5 insertion seqs and phages; 6 PE/PPE; 7 intermediary metabolism and respiration; 9 regulatory proteins; 10 conserved hypotheticals. *Genes part of the enduring hypoxic response.




Table 1 | Classification of the genes induced or repressed in M. tuberculosis grown under hypoxic, nutrient starvation, acidic or stationary phase condition compared to exponential growth condition.



Thirty four genes were upregulated from 4- to 1000-fold in all stress conditions (Figure 1) and were found in all functional categories except information pathways. The most represented functional category was intermediary metabolism and respiration (33%). Among them, the genes prpC and prpD, encoding the methylcitrate synthase and the methylcitrate dehydratase respectively, were among the most upregulated in all conditions (Figures 1, S4). These genes are part of the methylcitrate cycle and are essential for propionate metabolism in M. tuberculosis (18, 19). The lysine-epsilon aminotransferase encoded by lat (Rv3290c) was also highly induced (>100-fold) in all but acidic conditions. This gene was previously shown to be highly upregulated during starvation (20). Lat generates glutamate from lysine and 2-oxoglutarate. A study by Lee et al. demonstrated that M. tuberculosis utilizes the methylcitrate cycle and the conversion of glutamine to glutamate to counteract propionate toxicity (21). Although our data did not show any induction of the glutamate synthases GltB/D (Table S2c), up-regulation of Lat may result in a similar increase in glutamate to prevent propionate toxicity during various stresses. lat is also part of the enduring hypoxic response, a set of 229 genes responding to hypoxia over the long term (14). Eleven genes in our set of 34 genes induced in all stress conditions are part of the enduring hypoxic response (Figure 1, genes marked with *). Among them was kshA, a gene encoding the oxygenase of 3-ketosteroid 9α-hydroxylase, part of cholesterol catabolism. Cholesterol is a major food source for the bacilli when within the macrophage environment (22, 23). Degradation of the cholesterol rings involves three enzymes: the 3-ketosteroid 1Δ-dehydrogenase KstD, KshA and its reductase counterpart KshB (24). The upregulation of kstD and kshB in two to three of the stress conditions (Table S2c) indicates that M. tuberculosis is primed to catabolize cholesterol under specific stress conditions. kshAB genes have been found to be essential for M. tuberculosis virulence and growth in macrophage and in mice (25). In addition, two putative methyltransferases encoded by Rv1403c and Rv1405c, part of the enduring hypoxic response, were also induced in all the stress conditions. These two genes were previously found to increase in response to the intracellular environment, hypoxia, and acidic conditions (26–29).

The ATP sulfurylases encoded by cysN and cysD, which convert ATP to adenosine 5’-phosphosulfate (APS), were also upregulated in all stress conditions. These two genes control the first steps in sulfur metabolism in M. tuberculosis. APS is used for the synthesis of cysteine, proteins and redox defense (30). Phosphorylation of APS yields PAPS (3′-phosphoadenosine 5′-phosphosulfate), which is a sulfuryl donor to various metabolites and lipids such as sulfolipids, and a possible regulator of metabolic pathways (30). cysN and cysD were shown to be induced during mouse and human macrophage infection (26, 29). Schnappinger et al. had previously defined a multiple stress response encompassing cysN, cysD as well as hsp, clpB, Rv2660c and sigB (29), genes that were also induced in at least two of our conditions (Table S2c). The other genes upregulated in all stress conditions with known functions encoded the ribonuclease VapC1, the triacylglycerol synthase Rv3371, the polyketide synthase PapA4, PE4, PE_PGRS10, the L,D-transpeptidase LdtA, and three transcriptional regulatory proteins Rv0195, Rv0260c and Rv1990A. Rv3371 was previously shown to be upregulated in hypoxia leading the authors to postulate that, under low growth, M. tuberculosis shuffles the flow of carbon towards fatty acid synthesis and away from energy and biosynthetic metabolisms (31). Rastogi et al. reported that Rv3371 expression was the highest in stationary phase, under hypoxia and during nutrient starvation (32).

Only seven genes were found to be downregulated in all stress conditions (Figure 1). Among them were pntAb and pntB, two genes encoding NAD(P) transhydrogenases that generate NADH and NADP+ from NAD+ and NADPH, or the reversible reaction (33). pntAa, which encodes the third NAD(P) transhydrogenase, was also downregulated in all stress conditions, but was significant only in hypoxia and starvation conditions. These proteins are thought to help in maintaining redox balance in bacteria. The proton motive force generated in these reactions is linked to ATP synthesis (34), which matches the downregulation of genes involved in ATP biosynthesis observed in these conditions (see below). pe13 and ppe18 are part of the type VII secretion system ESX-5b (Rv1195-Rv1198), a duplication of the ESX-5 system, possibly involved in the transport of a subset of proteins secreted by ESX-5 (35). Of note, the four genes in the ESX-5b cluster were the most down-regulated genes in the stationary phase condition. Two genes, lipO and fadD12, involved in lipid metabolism/degradation with no known functions were also part of this group along with the anion transporter encoded by arsB2.

The expression cluster also indicated that these stress conditions differed in the way they regulated pathways involved in metabolism, cellular and information processes. We then clustered the RNA-seq data based on gene annotation using kegg pathways analysis (www.kegg.jp) and examined how these stress conditions regulated energy, central carbon, amino acid, cofactors, vitamins metabolisms as well as stress, virulence and cell wall components.



Stress Response

We first looked whether the conditions applied to the M. tuberculosis cultures did generate a stress response signature. There are eight proteins annotated as universal stress proteins (USPs) in the M. tuberculosis genome and six out of eight genes encoding these proteins (Rv1996, Rv2005c, Rv2028c, Rv2623, Rv2624c, Rv3134c) were upregulated in at least two of our stress conditions (Figure 2) and have also been determined to be upregulated when within the macrophage in several transcriptional studies (29, 36, 37). Prior studies have determined no survival defect in both murine and human macrophages or in response to any of the stresses noted here of whole gene knock-outs of Rv1996, Rv2005c, Rv2028c and Rv2623 (38) generated by specialized transduction (39). Interestingly, none of the genes encoding these proteins were induced in the acidic environment, which was also noted in a prior pH-centered study (40). The M. tuberculosis stress response also includes two component systems. The two-component transcriptional regulatory protein encoded by Rv0195 was induced in all stress conditions. Rv0195 belongs to the LuxR family regulator and is required for M. tuberculosis survival in hypoxia, recovery from dormancy, growth in macrophages and virulence in mice (41). Dormancy, which can be generated in M. tuberculosis cultures grown to stationary phase, under hypoxia, or starved for nutrients is also controlled by the two-component transcriptional regulatory system DevR/DevS. devR was slightly induced in these conditions and the DevR (also known as DosR) regulon, which is composed of up to 47 genes and includes many of the above mentioned USPs, was highly induced (Figures 2, S4).




Figure 2 | Heat map of genes differentially expressed in stress conditions (A) or in the dormancy regulon (B). The log2 fold change for each gene and condition is indicated in the cell.



Other members of two-components systems were induced such as mprAB, regX3 or tcrX (Figure 2). Bretl et al. (42) had previously shown that MprA and DosR coregulated a general stress-responsive operon composed of Rv1812c and Rv1813c, two genes that are also upregulated in our hypoxic and stationary phase conditions (Table S2c). The mycobacterial response to various stress situations can also be triggered and controlled by sigma factors. M. tuberculosis has 13 sigma factors: one essential and twelve accessory sigma factors. Four sigma factors (sigB, sigE, sigF, sigH) were induced in at least two conditions (but not acidic), while sigC was repressed in all conditions, especially in hypoxia and nutrient starvation (Figure 2). SigE and MprAB have been proposed to constitute a network that responds to surface stress such as cell wall damages, a network that could additionally include the chaperone DnaK (43, 44), which was induced in the hypoxic and stationary phase conditions but repressed in nutrient starvation condition. The conditions tested where growth arrest was observed did indeed induce the persister (DosR) regulon and a stress response, while the acidic condition induced only a few of these genes, probably due to the slow growth of M. tuberculosis in this environment or successful and swift adaptation of M. tuberculosis to low pH.



Energy Metabolism

Genes that encode the type I NADH dehydrogenase (nuoA-N), the cytochrome c reductase (qcrCAB), the aa3 cytochrome c oxidase (ctaCDE), the cytochrome bd oxidase (cydABDC) and the ATP synthase (atpA-H) were repressed in most stress conditions (Figure 3). The most pronounced pattern was observed in nutrient starvation with high downregulation of these complexes and upregulation of genes encoding the fumarate (frdABCD) and nitrate (narGHIJ) reductases (Figure 3), which act as electron acceptors in anaerobic respiration. The NarGHIJ proteins reduce nitrate to nitrite, a toxic metabolite that is detoxified by the nitrite reductases NirBD, which reduce nitrite to ammonia. The nitrite reductases nirBD were also highly induced during nutrient starvation, but none of the genes involved in ammonia utilization for glutamine (glnA1-4) or glutamate (gltBD) biosynthesis were differently expressed (Figure 3). Others have suggested that nitrite produced by the Nar complex is not reduced by NirBD (45), but instead exported by NarK2 (46), which was also induced in the same conditions (Figure 3). The upregulation of nitrate and fumarate reductases was also observed in acidic conditions while hypoxic M. tuberculosis only induced the nitrate reductases. None of these reductases were differentially regulated in stationary phase. Our data support the idea that anaerobic respiration plays an important role in the survival of M. tuberculosis cultivated under hypoxic, acidic, or nutrient starvation conditions, but not in stationary phase M. tuberculosis.




Figure 3 | Heat map of genes differentially transcribed in (A) electron transfer chain, (B) glycolysis and tricarboxylic acid cycle (TCA), (C) nitrogen metabolism, (D) propionate metabolism (MCC, methylcitrate cycle; MMP, methylmalonate pathway). The log2 fold change for each gene and condition is indicated in the cell.





Central Carbon Metabolism

Central carbon metabolism encompasses several pathways that include glycolysis, gluconeogenesis, the pentose phosphate pathway, and the citric acid cycle with its glyoxylate shunt that provides essential components for active growth (47). As expected for conditions where M. tuberculosis is in a slow- or non-replicating state, the genes involved in these pathways were repressed or not induced (Figure 3). Furthermore, genes involved in propionate metabolism were highly induced (Figure 3). prpC, prpD and icl1, genes from the methylcitrate cycle (MCC), which metabolizes propionyl-CoA generated by β-oxidation of odd-chain fatty acids to produce succinate and pyruvate, were among the most expressed genes in all stress conditions (see above). While the genes of the methylcitrate cycle were upregulated in all conditions, genes belonging to the methylmalonyl pathway, which converts propionyl-CoA to succinate via methylmalonyl-CoA, were specifically induced in the hypoxic samples. These systems are thought to purge excess propionate, a toxic metabolite, from bacterial cells (19, 22). Others have demonstrated that M. tuberculosis can reverse the methylcitrate cycle when grown in glycerol and oleic acid to produce propionyl-CoA for the biosynthesis of lipids (48). The induction of bkdABC, genes involved in the degradation of valine, leucine and isoleucine to produce propionyl-CoA or acetyl-CoA, as well as the induction of the accA1-accD1 operon implicated in leucine degradation (49) and therefore propionyl-CoA production could point towards this direction (Figure 3). The lack of induction of the TCA cycle suggests that in these stress conditions, M. tuberculosis rather shuttles propionyl-CoA into the synthesis of methyl-branched lipids such as phthiocerol-dimycocerosates (PDIMs) and sulfolipids (50), lipids of critical importance for M. tuberculosis’ virulence.



Amino Acid Biosynthesis

While the genes involved in the biosynthesis of most amino acids were neither induced nor repressed in the stress conditions, several pathways involved in the biosynthesis of arginine, aromatic amino acids, lysine, histidine and methionine were highly induced in hypoxia, while being repressed or not induced in the other conditions (Figure 4). Of note, six of these amino acids (histidine, lysine, methionine, phenlylalanine, threonine and tryptophan) are included in the nine essential amino acids in humans. The first steps in the formation of lysine, homocysteine or threonine comprise the aspartokinase and the aspartate dehydrogenase encoded by ask and asd, respectively. ask and asd were induced in hypoxia, but surprisingly, the other genes involved in the biosynthesis of these amino acids (dapABCDF-lysA, thrABC) were not induced or were repressed (Table S2c). A similar phenomenon was observed with the shikimate pathway, which was highly induced in hypoxic condition (Figures 4, S4). aroGBDEKAF of the shikimate pathway converts phosphoenolpyruvate and D-erythrose 4-phosphate, products of glycolysis and pentose cycle, to chorismate, a precursor for tryptophan, phenylalanine and tyrosine. Yet, the genes involved in the conversion of chorismate to these aromatic amino acids (trpABCE, pheA, tyrA and the chorismate mutase Rv0948c) were also not induced or were repressed (Figure 4; Table S2c). Chorismate is also involved in the synthesis of menaquinone, folate, and siderophores. Only the folate pathway was induced in hypoxia (Figure 4), which might suggest that this is where chorismate is channeled. The genes associated with these amino acid biosynthesis pathways were drastically differentially regulated between hypoxia and nutrient starvation or stationary phase, indicating that although these three conditions result in persistent mycobacteria, the need for specific metabolites involved in these pathways was radically different.




Figure 4 | Heat map of genes differentially expressed in (A) amino acid, (B) vitamins and cofactor biosynthesis and metabolism. The log2 fold change for each gene and condition is indicated in the cell.





Metabolism of Cofactors and Vitamins

Annotation clustering of genes involved in the metabolism of folate, biotin, nicotinamide adenine dinucleotide NAD+, vitamin B12 and menaquinone revealed that these pathways were differentially regulated in hypoxia and nutrient starvation, while being non-regulated in stationary phase or acidic environment (Figure 4). Folate metabolism plays crucial roles in several pathways including DNA synthesis, DNA repair, cell division, amino acid biosynthesis and in the formation of the methylating agent S-adenosylmethionine. folBKPE genes encoding proteins for 7,8-dihydropteroate synthesis were highly upregulated in hypoxia (Figure 4). Yet, the genes that encode the proteins for the synthesis of dihydrofolate (DHF), tetrahydolate (THF), or 5,10-methylene-THF (folCD, dfrA, gcvT), were not (Table S2c). These folate metabolites form a cycle allowing for the methylation of dUMP to form dTMP for DNA synthesis. In parallel, this cycle also synthesizes methionine from homocysteine using vitamin B12 as a cofactor. None of the genes involved in these reactions were differentially regulated except for those associated with the synthesis of vitamin B12, which were also noticeably repressed in nutrient starvation Figure 4). While folate biosynthesis starts with the rearranging of guanosine triphosphate (GTP) by the guanine cyclohydrolase FolE, GTP is also the initiation point for the synthesis of the molybdopterin cofactor MoCo. MoCo is an important cofactor for oxidoreductases and is necessary for a functional nitrate reductase (51, 52). While the genes encoding the nitrate reductases were upregulated in all but stationary phase conditions, the two sets of genes associated with the synthesis of MoCo, moaA1-E1 and moaA2-E2, were differentially regulated in hypoxic and stationary phase conditions (moaA1/E1 down-regulated and moaA2-E2 upregulated) while being mostly down-regulated in acidic and nutrient-starved conditions (Figure 4). This set of data is contrary to the study by Levillain et al. (51), where moaR1 and moaA1-moaE1 were induced in hypoxic M. tuberculosis in vitro and in vivo, resulting in the further induction of the nitrate transporter NarK2 and the nitrate reductase NarG. The authors suggested that the moaA1-E1 gene cluster was induced only when M. tuberculosis was in an hypoxic and nutrient-poor environment. Notably, moaR1 encoding the hypoxia-inducible, positive transcriptional regulator of the gene cluster moaA1-moaE1 (51, 53) was indeed upregulated in hypoxia and in nutrient-starved M. tuberculosis.

Another important cofactor in metabolic reactions is NAD+. The genes required for the formation of nicotinic acid mononucleotide, nadABC, were induced in hypoxic conditions but repressed in starvation conditions (Figure 4). The genes associated with the NAD+ salvage pathway (pncA, pncB) were slightly upregulated while the genes encoding the proteins for the phosphorylation of NAD+ to NADP+ were repressed in all conditions. Similarly, genes encoding proteins for the formation of the vitamins menaquinone (vitamin K2) and biotin (vitamin H/B7) were down-regulated Figure 4). Menaquinone, which biosynthesis derives from chorismate, has an essential role in M. tuberculosis’ electron transport chain transferring electrons from NADH dehydrogenases to terminal electron oxidases. The repression of the menaquinone biosynthesis genes in hypoxic condition might be linked to the down-regulation of genes encoding the aa3 cytochrome oxidases (Figure 3). Biotin plays an essential role in both central carbon metabolism and lipid biosynthesis (54). Biotin is a cofactor for Pca, the pyruvate carboxylase which yields oxaloacetate for the TCA cycle (55). Biotin is also a cofactor for the biotin-dependent acyl-CoA carboxylases, which produce building blocks for the synthesis of fatty acids, methylated fatty acids and metabolism of amino acids (56). Although biotin biosynthesis genes were down-regulated in starvation condition, this was not associated with a downregulation of accA1-3 genes (Table S2c). Instead, accA1 and accA2 were highly induced in hypoxia (Figure 3 and S4). The biotin-dependent acyl-CoA carboxylases are composed of two subunits: the biotin carboxylase encoded by accA1-3 and the carboxyltransferase encoded by accD1-6. accA1 and accD1 are in the same operon encompassing bkdCBA, citE, Rv2499c, fadE19, and scoBA (Rv2495c-Rv2504c), an operon up-regulated in most stress conditions (Figure 3). The complex AccA1-AccD1 functions as a 3-methylcrotonyl-CoA carboxylase involved in leucine degradation (49). accA2 and accD2 are also part of an operon encompassing echA7, fadE12 and fadE13 encoding fatty acid degradation proteins, an operon (Rv0971c-Rv0976c) highly upregulated (20-300 fold) in hypoxic and stationary phase conditions (Figure 3). A study in Mycobacterium smegmatis by Ehebauer demonstrated that the complex AccA2-AccD2 was not involved in fatty acid and mycolic acid biosynthesis, but the authors could not determine a role for this complex (49). The requirement for specific cofactors and vitamins differed significantly between the four stress conditions. M. tuberculosis in an acidic environment or in stationary phase did not demonstrate any specific need for these metabolites while nutrient-starved M. tuberculosis down-regulated most of the genes required for the synthesis of biotin, folate, vitamin B12, NAD+ and molybdopterin cofactor. In contrast, hypoxic M. tuberculosis seemed to require multiple cofactors and vitamins for its survival since genes implicated in the biosynthesis of folate, NAD+ and molybdopterin cofactor were upregulated.



The Mycobacterial Cell Envelope

The mycobacterial cell envelope is an intricate network of various lipids, which protects M. tuberculosis from any hostile aggression (host interaction during macrophage infection, antibiotic treatment, stress environment, eg intracellular) but also allows for the transport of essential nutrients and proteins. Furthermore, lipids located at the surface of the outer membrane most likely play a role in the interactions of the pathogen with its host. The cell envelope is composed of a phospholipid bilayer membrane, peptidoglycan, arabinogalactan, lipomannan, mycolic acids, lipoarabinomannan and phosphatidyl-myo-inositol mannosides (57). Mycolic acids, a hallmark of mycobacterium species, are long-chain α-alkyl β-hydroxy fatty acids. The fatty acid synthase type I FASI produces the α-alkyl chain. The meromycolic acids are formed by condensation of FasI fatty acids with malonyl-ACP generated from malonyl-CoA by FabD followed by elongation by the FASII system (MabA, HadABC, inhA, KasAB). Condensation of the meromycolates with the α-alkyl chain involves activation of the α-alkyl by the fatty acyl-AMP ligase FadD32 and the polyketide synthase Pks13 (57). In nutrient starvation condition, most of these systems were down-regulated while not differentially regulated in acidic growth or stationary phase (Figure 5). In hypoxia, fasI, fabD, fadD32 and pks13 were induced while the FASII genes were not, suggesting a need for short chain fatty acids synthesized by FASI (Figure 5).




Figure 5 | Heat map of genes differentially expressed in lipid biosynthesis and metabolism: (A) fatty acid and mycolic acid biosynthesis, (B) peptidoglycan and arabinogalactan synthesis, (C) glycerolipid metabolism (tgs, triacylglycerol synthase), (D) methyl-branched lipid biosynthesis [sulfolipids (SL), acylated trehaloses (AT), PDIMs]. The log2 fold change for each gene and condition is indicated in the cell.



The genes involved in the synthesis of glycerolipids, glycerophospholipids, arabinogalactan were repressed in most stress conditions (Figure 5C). M. tuberculosis has 16 genes annotated as possible triacylglycerol synthases (tgs) and 11 of them were differentially regulated in stress conditions (Figure 5). Triacylglycerol (TAG), a glycerol molecule with three fatty acids, is a reservoir for bacterial energy production derived from metabolism of fatty acids. One mechanism of M. tuberculosis survival in the host is to scavenge the host lipids and store them as TAG. The different regulation of the Tgs synthases in M. tuberculosis grown under stress conditions might reflect particular responses of M. tuberculosis to its environment, TAG carrying specific fatty acids, or different TAG locations (58).

The synthesis of peptidoglycan seemed to be a requisite for M. tuberculosis, especially in hypoxia (Figure 5). The genes encoding the proteins required for the addition of D-alanine, D-isoglutamate, D-alanyl- D-alanine and meso-diaminopimelate (MurCDEF) to the muramyl substrate to form the muramyl-pentapeptide as well as MurX and MurG performing the two last steps in the intracellular peptidoglycan biosynthesis (59) were upregulated in hypoxic M. tuberculosis (Figure 5). Surprisingly though, the gene encoding the L,D-transpeptidase LdtA, which forms the peptidoglycan 3→3 cross-links, was upregulated in all stress conditions. The peptidoglycan of exponentially growing M. tuberculosis is mostly composed of 3→4 cross-links formed by the D,D-transpeptidases DacB1/DacB2. The shift from a 3→4 cross-linking to a 3→3 cross-linking was observed in stationary phase M. tuberculosis and was linked to a response of M. tuberculosis switching to a dormant phenotype (60). The down-regulation of dacB1 and dacB2 and up-regulation of ldtA corroborates the hypothesis that in most stress situation, M. tuberculosis modifies the structure of its peptidoglycan to a 3→3 cross-linking, which may reinforce its structure and rigidity to better respond to external assaults.



Virulence Factors

The five type VII secretion systems (ESX) of M. tuberculosis secrete specific components into the host and are crucial for M. tuberculosis’ virulence (61, 62). Deletion of part of the ESX1 system, known as region of difference 1 (RD1), is the basis of the attenuation of the BCG vaccine (63, 64). Apart from their role in the interactions between M. tuberculosis and its host, the ESX systems are also important for cell wall integrity and may play a role in conjugation (62, 65). The RNA-seq data set revealed that the ESX systems 4 and 5 had expression levels in all stress conditions mostly similar to exponential growth (Table S2c). The ESX1 system, which targets the host cell membrane, was mostly upregulated in all stress conditions in this study and a whole gene knock-out mutant exhibited no survival defect in macrophages (63). The main difference between stress conditions was the differential regulation of the genes encoding the antigens ESAT-6 and CFP-10 (EsxA, EsxB) in stationary phase and nutrient-starved M. tuberculosis (Figure 6). The ESX-2 system, also implicated in host cell permeabilization (66), was mostly down-regulated in all stress conditions, although interestingly part of the locus (espG2-PE36) was upregulated in nutrient starvation and acidic condition (Figure 6).




Figure 6 | Heat map of genes expression associated with the ESX systems (A) and the mammalian cell entry (mce) system (B). The log2 fold change for each gene and condition is indicated in the cell.



The most drastic difference between stress conditions was with the expression levels of the genes encompassing the ESX3 system, which were repressed in nutrient starvation or in stationary phase, and highly induced in hypoxic conditions (Figure 6). The ESX3 system is known to be regulated by iron and zinc and required for iron metabolism. Deletion of the esx3 locus in M. tuberculosis increased the production of the cell-associated mycobactin siderophores and resulted in a growth defect in macrophages and survival in immunocompromised mice (67). While the induction of the esx3 genes did not impact the expression of the genes involved in mycobactin biosynthesis (mbtA-N) in hypoxic conditions, down-regulation of the esx3 genes in the starvation or stationary phase conditions did not lead to an up-regulation of the mbt locus, but rather a repression of specific genes (mbtA. mbtD, and mbtH) in the mycobactin biosynthesis pathway as well as hupB, a gene encoding an iron-regulated protein involved in transport of mycobactins (68). Furthermore, up-regulation of ideR and zur encoding regulators of genes involved in iron and zinc metabolism was observed in these conditions (Table S2c). The Zur regulon is a repressor for the ESX3 system (Rv0280-Rv0292) (69), while IdeR negatively regulates siderophore biosynthesis but positively controls iron storage. Genes involved in iron storage such as bfrA and bfrB were not differentially regulated in any conditions, suggesting that in nutrient-starved or stationary phase conditions, M. tuberculosis might limit or prevent metal ions uptake and transport.

The mammalian cell entry (mce) genes had been initially associated with M. tuberculosis virulence since deletions of these genes affected the ability of M. tuberculosis to enter, grow and persist in mammalian cells (70, 71). There are four mce operons in M. tuberculosis (mce1-4), and each is composed of two yrbeAB and six mceA-F genes. These operons are present in pathogenic and non-pathogenic mycobacteria and have similarities with ATP-binding cassette transporters, where the Mce proteins serve as substrate-binding proteins and the YrbE proteins as permeases (72). Mce proteins participate in nutrient uptake, cholesterol uptake and catabolism (23, 73, 74), lipid homeostasis following stress responses (72) and in cell wall modification (75). Our RNA-seq data revealed that: 1) the mce1 operon was highly repressed in hypoxic and stationary phase conditions; 2) the mce2 operon was induced in hypoxia and moderately in stationary phase condition; 3) the mce3 operon was only induced in hypoxia; and 4) the mce4 operon was the least impacted showing moderate downregulation in stationary phase and in nutrient starvation (Figure 6). Deletion of the mce2 operon in M. tuberculosis resulted in an increase in the sulfolipid SL-1 production (76). Upregulation of the mce2 operon in our hypoxic and stationary phase experiment was associated with the down-regulation of genes involved in SL-1 biosynthesis such as papA1, pks2 and the transporter mmpL8, in the same stress conditions (Figure 5), corroborating the relationship between the mce2 operon expression and SL-1 biosynthesis. Others have reported that genes from the mce1 (14) and mce4 (77) operons were upregulated during hypoxia, which we did not observe. The Mce1 and Mce4 proteins are involved in the transport of hydrophobic substances such as fatty acids and cholesterol, respectively (74). Genes encoding proteins involved in lipid biosynthesis (Fas, Tgs, Figure 5) or cholesterol catabolism (Figure S5) were upregulated in our study validating the down-regulation of these transporters in these stress conditions. The mce1, mce2 and mce3 operons are known to be negatively regulated by mce1R, mce2R and mce3R, respectively (78–80). Yet, we found that in hypoxic and stationary phase conditions, the mce1R, mce2R and mce3R genes were not differentially regulated from the mce1, mce2 and mce3 operons. The lack of consensus between previously published studies and ours suggests that the regulation and functions of these operons could be specific to their environment.



Genes Uniquely Differentially Regulated in Each Stress Condition

To determine which M. tuberculosis gene responds specifically to a growth condition and not to a general stress response, we reviewed set of genes that were differentially regulated only in one condition. Most of these genes belong to either the functional category intermediary metabolism and respiration or cell wall and cell processes (Table S3). Each of these stress conditions would be anticipated to be encountered upon intracellular infection, but this could vary depending on the heterogenous nature of macrophage phenotypes and indeed, the stage of infection.



Hypoxia

Six hundred and eighty two genes were upregulated 4 to 300-fold in hypoxic M. tuberculosis. The most upregulated annotated genes not discussed above encoded the copper transporter CtpV (Rv0969, 300-fold) and copper-sensitive operon repressor CsoR (Rv0967, 160-fold) (81), which are located downstream of the highly upregulated accA2/accD2 operon (Rv0971c-Rv0976c, see above) (Figures 3, S4), and the copper metallothionein MymT (Rv0186A, 90-fold). CsoR was predicted to be involved in M. tuberculosis response to hypoxia, controlling entry and exit from hypoxia (12). Furthermore, genes encoding proteins predicted to be part of M. tuberculosis response to copper (82) such as the potential copper regulators Rv1994c (CmtR) and Rv2642, the copper repressor RicR (Rv0190), which regulates MymT (83), the copper detoxification oxidase Rv0846c, the metal permeases Rv0849 and Rv2963, and the cadmium-inducible protein CadI were also upregulated (from 5- to 170-fold) (Table S2c). Notably, the sigma factor sigC, which was down-regulated in hypoxic M. tuberculosis (Figure 2), was shown to be required for copper uptake (84), suggesting that the up-regulation of the copper stress response regulon could be a response to the down-regulation of sigC in hypoxic M. tuberculosis. Of note though, in nutrient-starved M. tuberculosis, sigC was also down-regulated, but the copper stress regulon was not upregulated (Table S2c, Figure S4). This suggests that hypoxic M. tuberculosis aims at controlling the copper level to reduce potential copper/metal toxicity (85). In contrast, up-regulation of the ESX3 system (Figure 6) might hint to a specific need for iron and zinc in hypoxic M. tuberculosis.

Two hundred and twenty-eight genes were upregulated specifically in hypoxic M. tuberculosis. The upregulated pathways were in metabolism of carbohydrates (glgBE, mutB, mqo), sulfur (cysQH, metA), lipid (fas, ppsBCD, pks13, pks5), nucleotide (guaB, purF, nrdB, cya), amino acids (arginine, histidine, shikimate, the aspartokinase and dehydrogenase encoded by ask and asd), cofactors (nicotinamide, folate, vitamin B12), as well as the peptidoglycan biosynthesis (murCDGX, pbpAB), chaperones (groEl, groES, dnaJ1, ftsH, mycP3), ABC transporters from the Mce2 and Mce3 families, the ESX-1 and ESX-3 systems and two-component systems (regX3, mtrB, cite, devR). The most upregulated genes were Rv0974c (accD2), Rv0972c (fadE12) and Rv0971c (echA17), which are part of the Rv0971c-Rv0976c operon upregulated in both hypoxic and stationary phase conditions (see above) and which represent potential targets to render the tubercle bacilli incapable of surviving this key stress encountered within the host battlefield.

Four hundred and thirty four genes were down-regulated in hypoxic condition. The most-downregulated (40-fold) was Rv0516c encoding an anti-anti-sigma factor. Two hundred and eleven of these genes were uniquely down-regulated and were involved in gluconeogenesis (glpX, pgmA), energy metabolism (frdC, ctaC, menAB), metabolism of lipids (tgs, hadABC) and lipoproteins (Rv0112-Rv0115), as well as membrane transport (modAB, oppBD), translation (rpsN1, rpsT, rpmG2), DNA replication and repair (dnaE1, dnaN, dnaG, uvrD2). The most down-regulated genes in this group Rv3753c (40-fold) and Rv1115 (20-fold) were of unknown function and represent intriguing oxygen-sensitive functionalities which could be followed up using Kochs molecular postulate.



Nutrient Starvation

Five hundred and seventeen genes were upregulated in nutrient starvation (PBS plus tyloxypol). The most upregulated were prpD (Rv1130, 420-fold) and prpC (Rv1131, 270-fold). One hundred nighty eight genes were uniquely upregulated in this condition. Among them were genes encoding proteins involved in the metabolism of nitrogen (nitrite reductases nirBD), lipids (polyketide synthases), in translation (30S ribosomal proteins Rpso, RpsF, RpsR2, and 50S ribosomal protein RpmG1), transcription factors (NmtR, WhiB3) two-component systems (kdpE, mprA, glnB). The two most annotated upregulated genes encoded the chalcone synthase pks10 and the nitrite reductase nirD.

Two hundred and thirty six genes were uniquely down-regulated. More than a third of them (91) belong to the functional category of Intermediary metabolism and respiration. Among them were genes involved in: the electron transport chain (cytochrome C reductase (qcrAC), cytochrome oxidase (cydB, ctaE) and the ATP synthase atpB); the cell wall biosynthesis (ddlA (peptidoglycan), pimA and Rv2611C (lipoarabinomannan), wbbL1(arabinogalactan)); the metabolism of nucleotides (purEKL, ndkA, guaA, pyrBCHR, tmk, carB), amino acids (leuC, argFGHJBCD, trpD, thrC), and cofactors (NAD+ (nadABC, nudC), CoA (ilvX, coaAE), biotin (bioF1, bioBD), folate (folCD), porphyrin (hemLZ, cobMLHNT)), t-RNA biosynthesis (gatAC, thrS, metS, proS, pheT, trpS), and homologous recombination (recGCD). The most down-regulated genes were a conserved hypothetical gene Rv0950c (194-fold) and interestingly the resuscitation-promoting factor rpfE (70-fold), which would be expected to rise dramatically once nutrient starvation condition would be relieved to enable the bacillus to propagate.



Acidic Condition

The most upregulated genes among the 118 genes induced in acidic conditions were part of the gene cluster Rv1806-Rv1808 (ppe31-pe20-ppe32), a set of genes of mostly unknown function, yet highly downregulated in an M. tuberculosis strain lacking the acid and phagosome regulated locus aprABC, a locus specific to M. tuberculosis pH adaptation in macrophage (86). This locus was also highly induced in magnesium-starved M. tuberculosis (87), which correlates with the upregulation of aprABC (12 to 45-fold) observed in our nutrient starvation experiment (Table S2c), suggesting that this locus may not be specific to acidic condition. Recently, one of the most prevalent PPE family of proteins M. tuberculosis ppe31 was associated with pH sensitivity and M. tuberculosis survival in macrophages (88).

Only 12 genes were specifically upregulated in acidic conditions, suggesting that this may not be a major stress encountered by this intracellular survival adaptee. Two were involved in lipid biosynthesis (pks4, papA3) and four in cell wall and cell processes (kdpF, iniB, kdpA, Rv3479). pks4 and papA3 are required for the synthesis of di- and poly-acyltrehaloses, lipids located at the surface of M. tuberculosis and associated with M. tuberculosis virulence (89, 90). The only other annotated gene was this encoding a sulfur carrier protein for the synthesis of the vitamin B1 thiamine.

Among the 14 down-regulated genes, only four were annotated: the antitoxin vapB20, the malonyl CoA-acyl carrier protein transacylase fabD2, the isopentenyl pyrophosphate isomerase idi and PE_PGRS56. The locus Rv1180-Rv1184c (pks3-pks4-papA3-mmpl10) is associated with the production of di- and poly-acyltrehaloses, which is upregulated in acidic conditions and is also highly repressed in hypoxia and stationary phase (Figure 5), suggesting that the highly adaptable M. tuberculosis resorts to different paths and especially different lipids to ensure survival in various stress situations.



Stationary Phase

It is highly likely that growth reduction in this manner occurs, particularly in activated macrophages. Therefore, the genes upregulated in this condition could be particularly interesting to target. The most upregulated gene in stationary phase was Rv2662 (1300-fold), a gene of unknown function, previously found to be induced in nutrient starvation (20). This gene belongs to the common stress signature as Rv2662 was induced in all stress condition.

One hundred and seventy seven genes were uniquely upregulated with most of them belonging to the functional category virulence, detoxification, and adaptation (mostly toxins and antitoxins) (Table S3). There were no clusters based on annotation that identified specific pathways. Other genes were involved in genetic information processing such as transcription factors (smtB, whiB7), translation factors (infB, prfB), chromosome (ftsE) and transporters (subI, cyst, modC).

Included in the 146 genes uniquely down-regulated were genes associated with histidine metabolism (egtEDC), translation (rpsE, rplF, rplL, rplR, rpmD), ABC transporters (mce4, proZW, pstS1, dppC, oppA), part of the ESX-1, -2 and -3 systems, lipid biosynthesis (5 polyketide synthases, fadD15, tgs2), DNA repair (recA, hupB, recX, mutT1) and the CRISPR-associated system (cas1, csm2, csm3).



Genes Expressed in All Conditions

The analyses above were based on differential expression of genes in stress conditions compared to exponential growth. We reasoned that knowledge could be gained by examining the genes, which were highly expressed in all growth and stress conditions, i.e. correlating to the conditions most often found within in the intracellular environment.

In our data set, 25 genes were among the 95th percentile based on fragment per kilobase million (FPKM) in all conditions (exponential growth, nutrient starvation, stationary phase, hypoxic or acidic environment) (Figure 7). Of this, 68% of the genes (17, marked with * in Figure 7) had been previously classified in the top 100 most expressed genes in exponentially growing M. tuberculosis (91). Excluding the conserved hypothetical genes whose function remains to be determined, most of these genes encoded proteins involved in DNA replication (the ribonucleotide reductases NrdI and NrdH) and protein formation (translation initiation factors InFA, the 30S and 50S ribosomal proteins RpsL and RpmJ, and the anti-sigma factor sigE RseA). The Clp protease regulator ClgR, which is controlled by SigE, triggers the transcription of several proteases and chaperones essential for macrophage infection (92), and was also highly transcribed in all growth conditions. Genes encoding regulatory proteins were amongst the 95th percentile such as whiB1, which was previously shown to be the most transcribed whiB gene in exponential phase (93), garA involved in the regulation of carbon metabolism (94) and Rv3583c encoding CarD, a regulator of rRNA transcription (95). The secreted effector protein EsxA along with its secretion-associated protein EspA were also highly expressed in all conditions. EsxA is part of the virulence-associated ESAT-6 secretion system ESX-1 and is highly attenuated in a murine model of infection (63).




Figure 7 | Fragment per kilobase million (FPKM) of genes in the 95th percentile. The five M. tuberculosis growth conditions were: exponential, hypoxia (1% O2), nutrient starvation (PBS), acidic environment (pH) and stationary phase (StPh).



Genes involved in maintaining bacterial growth and genome function were the most expressed genes in all the conditions tested, which was surprising considering that most of these conditions placed M. tuberculosis in a non-replicating state. Possible explanations would be that this illustrates the heterogeneity of growth rates within the bacterial culture or that the bacterium is continuously ready for exiting a non-replicating state and resuming a growing phase.




Discussion

This study aimed to identify genes that were commonly expressed in the various stress conditions that the exemplar intracellular pathogen M. tuberculosis encounters when infecting its primary niche the host macrophage. This set of genes would define a persisting stress response that could be used to explore novel drug targets or novel antigens for vaccine development. A set of 34 genes were found upregulated in all the stress conditions tested in vitro. This set of 34 genes did relate to M. tuberculosis genes upregulated in macrophages since 26 and 27 of these genes were also upregulated in M. tuberculosis during infection of mouse lung alveolar and interstitial macrophages, respectively, compared to M. tuberculosis in liquid culture (13). Yet, the percentage of M. tuberculosis genes upregulated in each individual stress data set and also present in published data sets of upregulated genes of M. tuberculosis in mouse macrophages (13, 28, 29) did vary with the stress applied: the highest percentage was found in hypoxic and stationary phase condition (55-76%) and the lowest in acidic condition (38-45%), suggesting that the conditions where M. tuberculosis is in hypoxia or in stationary phase relate the best to M. tuberculosis in mouse macrophages.

The four stress conditions applied to M. tuberculosis in vitro revealed further similarities and differences between all stress conditions tested. Each of these stress conditions would be expected to be encountered within the host macrophage, but the extent may depend upon the macrophage phenotype and activation status. Indeed, M. tuberculosis can also survive in non-professional phagocytes such alveolar epithelial cells (63), which may not exhibit all of these hostile onslaughts. The transcriptome of the hypoxic M. tuberculosis had some unique differentially regulated genes consistent with the need for specific amino acids and cofactors in oxygen-deprived M. tuberculosis, a situation likely to be present for the majority of this bacilli’s lifecycle. Specifically, the genes involved in the biosynthesis of the amino acids arginine, histidine, methionine, the vitamin B9 folate, and the molybdopterin cofactor were upregulated. Interestingly, the transcriptomic signature of hypoxic M. tuberculosis was very similar to that observed in human monocyte-derived macrophages and in dendritic cells infected with M. tuberculosis (96). Tailleux and colleagues noted that in these host cells, M. tuberculosis upregulated genes associated with the dosR and kstR regulons, arginine and histidine biosynthesis, lipid degradation, cholesterol catabolism, and nitrate respiration (96), genes that were also upregulated in hypoxic M. tuberculosis. Together these results suggest that the response of M. tuberculosis to 1% oxygen may be the most relevant to the conditions M. tuberculosis experiences in human macrophages. Furthermore, Tallat and colleagues (97) defined an in vivo-expressed genomic island that included M. tuberculosis genes exclusively upregulated in infected mice but not in liquid cultures. Two third of the genes included in this region, Rv0960-Rv0991, were also upregulated in hypoxic and stationary phase M. tuberculosis indicating that the metabolic and environmental status of M. tuberculosis in mice may be very similar to these two stress conditions.

The persisting stress response encompasses a set of genes involved in generating and metabolizing propionate. One of the most upregulated loci related to propionate metabolism in the persisting stress response is prpCD of the methylcitrate cycle. The methylcitrate pathway processes propionyl-CoA into succinate and pyruvate to be incorporated into the TCA cycle. Propionate and its derivative propionyl-CoA are toxic metabolites generated via degradation of fatty acids or cholesterol, both being a primary source of nutrient and energy for M. tuberculosis in vivo. Although cholesterol was not present in our experiments, most of the genes associated with cholesterol degradation (98) were upregulated in the stress conditions, especially the genes associated with generating propionyl-CoA from cholesterol (hsaFG, Rv3540 (98)) (Figure S5), suggestive of an adaptation triggered by these stresses to survive and persist within the intracellular environment. Furthermore, genes involved in the degradation of the amino acids valine and isoleucine (bkdCBA, accD1, mmsA, Figure 3), which yields propionyl-CoA, were also highly upregulated, indicating that, under stress, there is an influx of propionate being processed by M. tuberculosis. Lee et al. demonstrated that in macrophages M. tuberculosis detoxifies propionate/propionyl-CoA via two pathways: the methylcitrate pathway and the methylmalonate pathway, which uses propionyl-CoA to synthesize methyl-branched lipids such as PDIM, sulfolipids or acylated trehalose derivatives (22). Exposing M. tuberculosis to in vitro persisting stress mimicking conditions encountered in the host/macrophages yielded a similar response to what was previously described by Lee et al: an upregulation of genes involved in the methylcitrate pathway and the methylmalonate pathway, but also in cholesterol degradation and in the biosynthesis of methyl-branched lipids (Figures 3, 5D, S5). The latter one was stress-specific as genes implicated in the biosynthesis of PDIMs (ppsABCD) were mostly upregulated in hypoxic condition, while genes associated with the biosynthesis of sulfolipids and polyacylated trehaloses (pks3-mmpl10, Rv3822-pks2) were upregulated in acidic and nutrient starvation conditions and down-regulated in hypoxia and stationary phase (Figure 5). All these elements suggest that propionate and propionyl-CoA production and metabolism play an important role in enabling M. tuberculosis to persist. Although prpCD was indeed highly upregulated in hypoxic, acidic, nutrient-starvation and stationary phase conditions and also found upregulated in M. tuberculosis-infected macrophages (13, 26, 29), this locus is not essential for the survival of M. tuberculosis in vivo. A study by Muñoz-Elías demonstrated that prpCD was indeed required for growth in mouse macrophages, yet deletion of prpCD in M. tuberculosis did not affect M. tuberculosis survival and persistence in mice (99). This illustrates the difficulties in finding new targets for drug or vaccine development.

The stresses that leave M. tuberculosis in a persistent state may yield important clues on how to sterilize an M. tuberculosis infection, but understanding the events that lead to the sterilization of M. tuberculosis is primordial. M. tuberculosis has evolved in response to an ongoing killing assault by macrophages in the mammalian host and has developed efficient resistance mechanisms to survive sterilization and persist for long periods in its mammalian host. Persistence in M. tuberculosis has been defined as the single greatest impediment to TB control. The goal in studying the biology of M. tuberculosis in persisting conditions is to find new ways to sterilize M. tuberculosis infections. The set of data generated in this study might offer new leads to study the intricate interplay between biological pathways and useful comparators to future studies. Ultimately, we need new approaches to sterilize M. tuberculosis infections to reach this ultimate goal of ending TB epidemy.
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Mycobacterium tuberculosis (Mtb) has developed specialized mechanisms to parasitize its host cell, the macrophage. These mechanisms allow it to overcome killing by oxidative burst and persist in the wake of an inflammatory response. Mtb infection in the majority of those exposed is controlled in an asymptomatic form referred to as latent tuberculosis infection (LTBI). HIV is a well-known catalyst of reactivation of LTBI to active TB infection (ATB). Through the use of nonhuman primates (NHPs) co-infected with Mtb and Simian Immunodeficiency Virus (Mtb/SIV), we are able to simulate human progression of TB/AIDS comorbidity. The advantage of NHP models is that they recapitulate the breadth of human TB outcomes, including immune control of infection, and loss of this control due to SIV co-infection. Identifying correlates of immune control of infection is important for both vaccine and therapeutics development. Using macaques infected with Mtb or Mtb/SIV and with different clinical outcomes we attempted to identify signatures between those that progress to active infection after SIV challenge (reactivators) and those that control the infection (non-reactivators). We particularly focused on pathways relevant to myeloid origin cells such as macrophages, as these innate immunocytes have an important contribution to the initial control or the lack thereof, following Mtb infection. Using bacterial burden, C-reactive protein (CRP), and other clinical indicators of disease severity as a guide, we were able to establish gene signatures of host disease state and progression. In addition to gene signatures, clustering algorithms were used to differentiate between host disease states and identify relationships between genes. This allowed us to identify clusters of genes which exhibited differential expression profiles between the three groups of macaques: ATB, LTBI and Mtb/SIV. The gene signatures were associated with pathways relevant to apoptosis, ATP production, phagocytosis, cell migration, and Type I interferon (IFN), which are related to macrophage function. Our results suggest novel macrophage functions that may play roles in the control of Mtb infection with and without co-infection with SIV. These results particularly point towards an interplay between Type I IFN signaling and IFN-γ signaling, and the resulting impact on lung macrophages as an important determinant of progression to TB.
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Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is the most prevalent opportunistic disease in human immunodeficiency virus (1)-infected individuals globally. Worldwide, TB coinfection accounts for >30% of total HIV associated deaths (2). In 2020, 214,000 people who had both TB and HIV were estimated to have died. This was in addition to the 1.3 million people who died from TB alone that year (2). Understanding the interaction between these two deadly infections is therefore, a critical research and public health priority (3, 4). Mtb infection can have a spectrum of different outcomes inside a human host, ranging from a life-long asymptomatic infection termed latent tuberculosis infection (LTBI) to spontaneous reactivation of LTBI. HIV co-infection generates further heterogeneity in the outcome of Mtb infection.

Mtb predominantly spreads by aerosol transmission and lungs are the primary site of infection. Alveolar macrophages are the first immunocytes infected by Mtb. However numerous reports have established impaired ability of AMs to elicit a potent antibacterial response. Mtb has developed specialized mechanisms to protect against the different macrophage-mediated pathways of pathogen clearance. These include induction of a multitude of anti-oxidants under the influence of the transcription factor SigH (5, 6), interference with phago-lysosomal fusion and acidification (7, 8) and with the induction of IFN-gamma (IFN-γ) responses (9). It has recently been argued that two different types of macrophages in the lungs, alveolar, and interstitial, exhibit different responses and killing capacity in response to Mtb infection (10). The concept of heterogeneity of macrophage responses to Mtb has been further broadened by the use of single-cell RNAseq (11) approaches combined with innovative fluorescent reporter strains to identify bystander macrophages from those productively infected with Mtb (12). Greater insights are however needed into how diverse subsets of macrophages present in the lung respond to Mtb infection, and the resulting ability of the host to control infection.

We have developed infection models of Mtb, and Mtb/SIV co-infection, in susceptible rhesus macaques (RMs) (13). Upon exposure with a high-dose of Mtb CDC1551 strain via the inhalation route as aerosols, RM develop active TB characterized by high levels of bacterial replication in the lung granulomas. Bacilli are also readily detected in the alveolus, and ample clinical and radiological evidence of TB is present (14). At the time of euthanasia, the lungs of these animals are characterized by the presence of primarily necrotic granulomas, although presentations in non-alveolar tissues like lymph nodes, spleen, liver, kidney, brain etc. are possible (14). Necrosis is strongly associated with hypoxia, which profoundly impacts both the ability of the bacilli to replicate in macrophages and the ability of the adaptive immune response to eradicate the pathogen, thus permitting persistence (15). Upon exposure to low-dose Mtb CDC1551, some RMs develop immunological signs of infection (tuberculin skin test positivity or T cell responses to Mtb antigen in immunological assays), but without clinical and radiological signs of TB. At necropsy, these animals are typically characterized by the presence of a solitary, or a few fibrotic, but centrally necrotic granulomas, with very low bacterial burden. However, these bacilli are persistent, since co-infection with Simian Immunodeficiency Virus (SIV; in this instance SIVmac239) leads to acute viral infection and reactivation of Mtb infection. These RM are characterized by the formation of newer granulomas and dissemination of both bacilli and granulomatous inflammation to extrathoracic sites (16, 17). Importantly, both Mtb and SIV co-localize in lung macrophages (10). This gives rise to the hypothesis that SIV co-infection of macrophages may impair Mtb-specific responses leading to reactivation. Indeed, experiments in this model suggest that the mere depletion of CD4+ T cells is not sufficient to cause reactivation (18). We have postulated that chronic immune activation due to SIV (1) co-infection, mediates macrophage turnover and immune dysfunction, resulting in reactivation (19). Consistent with this, initiation of highly active anti-retroviral therapy (HAART) at a time when signs of macrophage turnover are apparent fails to protect Mtb/SIV co-infected RM from reactivation, despite impressive control of viral replication and reconstitution of CD4+ T cells (20). Initiation of ART at earlier time-points is more beneficial, further suggesting that macrophage turnover is the critical determinant of lung-specific chronic immune activation during Mtb/SIV co-infection which causes reactivation (1).

We compared system-wide transcriptional responses in the lungs of RMs to Mtb infection (leading to either progression to active TB – ATB; or immune-mediated control of infection – LTBI). Also included in the study were samples from RMs with Mtb/SIV co-infection which mostly results in reactivation of LTBI. Banked samples were selected from macaques with ATB, LTBI, and Mtb/SIV co-infection for our cohorts. Naïve samples were collected from opportunistic necropsies of TB naïve RMs. Samples were profiled by RM whole-genome DNA microarray and analyzed through a data analytics pipeline. We attempted to identify patterns intrinsic and unique to LTBI, ATB, and Mtb/SIV co-infection and particularly focused on macrophage responses. Our results suggest that it may be possible to identify peripheral markers and gene regulation indicative of reactivation and non-reactivation. This study represents a preliminary step in this direction.



Methods


Data acquisition

Animals were chosen if they were experimentally infected with 10-25 Colony Forming Units (CFU) of Mtb (CDC1551 strain) or co-infected with Mtb (CDC1551)/SIV (SIVmac239) during 2011-2014 but were not treated with any antibiotics. Co-infection with SIV was always performed at 9 weeks post-Mtb infection, and with 300 TCID50 virus using the intravenous route, as described in our previous publications (1, 16–18, 20, 21). CD4 depletion in blood and BAL along with plasma viral load was used to confirm productive SIV infection. All co-infected animals devoid of any signs of TB disease at the time of co-infection were deemed to have developed LTBI. Lung samples from co-infected animals were obtained 4-8 weeks post-SIV infection. Adult (3-12 year old) animals of both sexes were used insofar as possible. Methods for quantification of lung bacterial burdens (CFU/gm) have been described earlier (15–18, 20, 22, 23). Briefly, Tissues were collected, homogenized and plated onto 7H11 Middlebrook plates containing 10% OADC supplement at necropsy. CFUs were determined per gram of tissue, with four sections of pulmonary tissue collected to represent every lung lobe. Bacterial burden, viral load, and immunologic response were determinants for classification to either active (ATB, n=16), latent (LTBI, n=11), Mtb/SIV co-infected (Mtb/SIV, n=8), and naïve control (CTRL, n=6) groups. Through the use of serum chemistry, CRP values, and Albumin/Globulin (A/G) ratios were obtained (24). Blood cell percentages for monocytes, lymphocytes, and neutrophils were also quantified. Post-infection minimal and maximal values observed throughout the experiment until necropsy were denoted as bottom and peak, respectively, and used throughout the data processing. Gene expression in lung tissue was enumerated through DNA microarray as Log2 fold change, as previously described. Briefly, experimental and CTRL lung RNA samples were Cy5 and Cy3 labelled respectively and the resulting cDNA hybridized to Agilent 4x44k RM microarrays. Scanned.gpr files were analyzed in Spotfire DecisionSite package, using Lowess normalization, averaging of duplicate spots, and removal of unreliable data, as previously described (25, 26), resulting in a robust DNA microarray dataset. Raw files from this analysis will be deposited in Gene Expression Omnibus repository and can be accessed using the accession GPL10183.



Dimensionality reduction and difference analysis

Initial dimensionality reduction of the robust DNA microarray dataset was performed through use of Fselector function in R programming language with RStudio as interface and 41 genes of interest (GOI) were selected using this package (http://www.rstudio.com/). Welch’s t tests and ordinary one-way ANOVA were performed to compare CTRL (n=6), ATB (n=16), LTBI (n=11), and Mtb/SIV (n=8) datasets. T tests were run on CFU/gm and (CFU/gm)log10 counts obtained from lung at endpoint and CRP values. A/G ratio, Lymphocyte, Monocyte, and Neutrophil percentages at pre-infection, peak, bottom, and endpoint were compared between all groups. Differential gene expression was also determined. Welch’s t tests were performed using R with RStudio interface and ordinary one-way ANOVA using GraphPad Prism version 8.0.0 (https://www.graphpad.com/). Bonferroni correction for multiple comparisons was applied and p-value thresholds were adjusted accordingly for respective comparisons.



Correlation

Using R and the Excel extension StatPlus Pro we performed principal component analysis (PCA) (http://www.rstudio.com/). For PCA clustering we utilized an aggregate dataset of all groups, unlike correlation analysis which was performed on group delineated datasets. Analysis was performed on animal groups on an aggregate of all genes or on GOIs on an aggregate of all animals, to further expound on the relationships within each animal group and between GOIs. Pearson correlation analysis was performed using R. CTRL, LTBI, ATB, and Mtb/SIV datasets were analyzed. To fully demonstrate quantifiable differences between host disease states, analysis was performed within each respective group CTRL, LTBI, ATB, or Mtb/SIV, rather than on an aggregate dataset. We observed distinct correlative patterns that were present regardless of the level of bacterial burden and correlative patterns isolated to individual disease states.



Cluster analysis

iDEP.94 (integrated web application for differential expression and pathway analysis) was used to perform K-means clustering and gene enrichment analyses (27). Due to the nature of the algorithm all missing data points were replaced with a value close to zero, 1e-15, for K means cluster analysis only. Gene Ontology (GO) terms that were enriched in the Genes of Interest (GOIs) were identified using DAVID Bioinformatics Resource (https://david.ncifcrf.gov/) (28, 29).


Validation of transcriptomics results by immunohistochemistry and multilabel confocal microscopy imaging

To validate the findings originating from microarray analysis, multilabel immuno-histochemistry was performed on formalin fixed paraffin embedded (FFPE) sections of lungs derived from RMs with ATB or LTBI, as described previously (11, 30). The lung sections were stained for macrophages with anti-CD68 (Thermo Fischer Scientific, Cat no #MA5-13324) and anti-MX1 (Thermo Fischer Scientific, Cat no #PA5-22101) antibodies to validate the in-vivo expression of these markers in lung tissue. DAPI (Thermo Fischer Scientific, Cat no #D1306) was used to stain nuclei. Images were captured using Zeiss Axio ScanZ1 and Zeiss LSM-800 confocal microscope and analysis was done using Zeiss Zen 3.6 (blue edition).





Results


Bacterial burden

Mtb lung CFU burden strongly correlates with host TB disease state and predicts the outcome of experimental infections in susceptible RM (10, 15–18, 22, 23, 25, 31–33). We have accumulated data from RMs which were either latently infected (LTBI, n=11), actively infected (ATB, n=16), or coinfected (Mtb/SIV, n=8); naïve samples were also collected from control animals (CTRL, n=6). NHPs were infected with Mtb only or Mtb followed by SIV nine weeks later, as described earlier (1, 16–18, 20, 21), during 2011-2014, and endpoint lung bacterial burdens were assessed. The lung bacterial burden for the ATB and LTBI groups were significantly different, though differences in CFU were not significant between LTBI and CTRL (Figure 1A, Table 1). Bacterial burdens in the ATB and Mtb/SIV groups were significantly higher than CTRL and LTBI, as previously described (17, 18), but not significantly different from each other (Figure 1A, Table 1). Thus, lung Mtb burden distinguishes the more severely infected animals, ATB and Mtb/SIV, from less severe, latent and naïve groups. While lung CFU is a clear measure of latent or active TB disease state, it requires extensive sampling of the lung tissue that is generally only possible post-mortem.




Figure 1 | Clinical metrics at endpoint. At necropsy colony forming units(log10) are measured in the lung (A) and serum C-reactive protein (B), serum albumin-to-globulin ratio (C), percentage of cells (D) are measured in the periphery through the blood. For CFU (A) and CRP (B) we compared all four cohorts, control (black), ATB(red), LTBI (green), and Mtb/SIV (blue). Serum albumin and globin (C) and cells in the periphery measured through flow (D) cytometry. Data is shown for control (n=6), ATB (n=12), LTBI (n=11), and Mtb/SIV (n=8). Error bars represent Mean ± SEM. (*P value of ≤ 0.01; **P value of ≤ 0.001; ***P value of <0.0001).




Table 1 | Significant Welch’s t Test Comparisons. Green denotes statistically significant comparisons. We tabulated the total number of significant Figures when comparing between cohorts and found the most differences between ATB and LTBI. (P value of ≤ 0.01).





Peripheral blood metrics of disease

The measured values of serum CRP levels in macaques during Mtb infection agreed with lung bacterial burden. Serum CRP levels serve as a minimally invasive, reliable peripheral marker of experimental Mtb infection and TB disease progression in both RM and cynomolgus macaques (10, 15–17, 21–23, 26, 31, 33–36). In line with bacterial burdens, we found that CRP values for ATB and LTBI were significantly different, although the differences in CRP were not significant between LTBI and CTRL (Figure 1B, Table 1). Serum CRP levels for the ATB and Mtb/SIV groups were similar and exhibited no differences, while significant differences were found between Mtb/SIV and LTBI. The ATB and Mtb/SIV groups exhibited strong, positive correlations to their respective bacterial loads (Table 2). These results support CRP at peak and endpoint as a correlate of more severe Mtb infection, with previous studies also suggesting that serum A/G ratio may be a viable biomarker of ATB (24), but similar to CRP, other confounding factors could interfere (37) and convolute the interpretation of results.


Table 2 | Pearson Correlations to CFU/gm(log10). All correlations were made between CFU and clinical metrics or genes.



A significant reduction in A/G ratio, driven by higher serum globulin levels, was observed in animals with ATB and Mtb/SIV, compared to the LTBI group (Figure 1C, Table 1). A/G ratio at pre-infection, peak, and endpoint all correlated positively to bacterial burdens in the lung (Table 2). Myeloid cells, particularly macrophages, act as sites of replication for the Mtb. Systemic CRP elevation and modulation of A/G ratio is caused by damage to macrophages during the infection process. Differences were also observed in myeloid cell levels in the peripheral blood. For neutrophils, the differences between LTBI, Mtb/SIV, and ATB were statistically significant and easily discernable (Figure 1D, Table 1). In the case of monocytes however, the differences between groups were subtle and statistically significant only between the LTBI and Mtb/SIV groups. We found that monocytes were the only cell type in which correlations to lung bacterial burden were significant (Table 2). Blood lymphocytes were detected at the highest percentages in the LTBI group compared to statistically significantly lower levels for the Mtb/SIV and ATB groups. While monocytes and neutrophil percentages mimicked the pattern exhibited in CRP values and CFU/gm in which LTBI produced significantly less than Mtb/SIV and ATB (Figure 1D, Table 1). Based on these results, we evaluated transcriptional responses in the lungs of the three groups of RMs to further study the unique patterns associated with each group.



Gene of interest comparison between cohorts

DNA microarray experiments were performed on RM lung tissue at necropsy, using normal lung as baseline control. To further expand upon differences between gene expression we applied two different clustering algorithms: K-means and PCA. 41 genes were selected as genes of interest through the use of the FSelector package in R. These 41 genes, out of 9800, were best suited to differentiate between the four cohorts. We then performed K-means clustering using iDEP (integrated Differential Expression and Pathway analysis), an application that performs exploratory data analysis, differential expression, and pathway analysis on gene expression data (Figure 2A) (27). Four major clusters were identified. Cluster A was defined by a majority of genes with downregulated expression in the ATB, and increased expression in the LTBI groups (Figure 2A). The pattern for the Mtb/SIV group was mixed with some samples exhibiting ATB- and others LTBI-like pattern. This is not unexpected, since we have unequivocally shown that Mtb/SIV co-infected RMs show differential progression after SIV infection – the majority exhibit reactivation, but a minority of animals continue to retain control of infection during the period in which we studied them (1, 16–18, 20, 21). The clusters B-D contained genes with higher expression in ATB relative to LTBI, with two variable outcomes in the Mtb/SIV group (Figure 2A). Each of these three clusters (B, C, D) however contained unique characteristics. The Mtb/SIV group had mostly similar expression of genes in these clusters to LTBI, but with greater variance. Genes like G1P2, MX1 and IFRG28 (Cluster D) exhibited expression patterns that were similar between the ATB and the Mtb/SIV groups. Utilizing iDEP we performed a gene enrichment analysis on cluster C, which was the largest cluster, with the majority of genes in it being involved regulation of lipid biosynthesis, storage and localization and steroid metabolic processes (Table 3).




Figure 2 | K-means clustering and Principal Component Analysis on 41 GOIs. (A) Using iDEP, k-means clustering was performed to identify different clusters in our 41 GOI dataset. The four clusters which were formed (Clusters A-D) are denoted by different colors (Cluster A – Blue, Cluster B – Yellow, Cluster C – Purple, and Cluster D – Green). The gene-expression is denoted by a green-red heatmap with a color key of Green = lower fold=change or repression and Red = higher fold-change or induction, relative to baseline. The key on the right shows Official Gene Symbols, while the key at the bottom shows different samples. Using Graphpad Prism 8, we created a heatmap of 41 genes and animals, with a range of 1e-008 to 6 (red), 0 (black), and -5 to 1e-008 (green) Some RM did not have recorded expression of a particular gene, denoted as white. Out of range values (magenta) were primarily found in LTBI and ATB cohorts, in which values were much lower than the given boundaries of the downregulated gene expression. (B) Using R PCA was performed across all cohorts to cluster the 41 genes. A set number of clusters, 4, was formed. Cluster 1 (blue) contained 12 genes, cluster 2 (magenta) contained 23 genes, cluster 3 (red) contained 3 genes, and cluster 4 (green) contained 2 genes. Data is shown for ATB (n=16), LTBI (n=11), and Mtb/SIV (n=8).




Table 3 | iDEP Gene Enrichment Pathways for K-means clustering.



We also performed principal component analysis (38) using KEGG (https://www.genome.jp/kegg/pathway.html) on the 41 genes of interest (Figure 2B). Using Bayesian Information Criterion as part of the mclust package in R, we determined that 4 clusters would be optimal for this dataset PCA in R: http://www.sthda.com/english/articles/31-principal-component-methods-in-r-practical-guide/118-principal-component-analysis-in-r-prcomp-vs-princomp/). Cluster one and cluster two contain the majority of genes. Cluster one contains several genes which are involved in the NADPHoxidase complex and calcium transport and signaling, and one or two genes which are involved in ATP metabolism, apoptosis, and NFkB signaling (Figure 2B). Cluster two contains several genes that are heavily involved in cell migration, g-protein reactions, motility, apoptosis, lipid metabolism, and calcium transport. While the larger clusters (cluster 1, 2) contain several genes that serve a myriad of purposes, the smaller clusters (cluster 3,4) have more specialized functionality. Cluster four (green) contains only two genes, G1P2 and MX1, both genes are involved in Type I interferon signaling and antiviral immune response (Figure 2B). Both, G1P2 and MX1 are upregulated in Mtb/SIV and ATB animals and downregulated in LTBI. Considering the genes strong antiviral activities and the benefit of increased interferon response in more severe infections, as with ATB, it is appropriate that these genes would be upregulated in Mtb/SIV and ATB animals (Figure 2B). Cluster three (red) contained SECTM1, CLEC1, and SIGLEC11, of the three genes SECTM1 is involved in immune processes and CLEC1 and SIGLEC11 are heavily involved in cell adhesion. Using four clusters only 49.63% of the point variability was explained by the two variables (Figure 2B).

We also compared the mean gene expression levels of these 41 genes across the three conditions to identify divergent regulation (Figure 3). These genes were significantly enriched in Gene Ontology (GO) terms 0071417 (cellular response to organonitrogen compound), 1901699 (cellular response to nitrogen compound), 0010243 (response to organonitrogen compound), and 1901698 (response to nitrogen compound). The genes populated pathways directly required for the generation of anti-TB immune responses such as NFkB, M1 polarization, ERK/MAPK, and Type I IFN signaling, as well as those pathways that play a role in conditioning cellular or humoral processes indirectly involved in the fine-tuning of immune responses, e.g. Cell adhesion, Calcium Signaling/Transport, Apoptosis, NADPH oxidase, Cell Migration, Cell Proliferation and Antiviral etc., (Table 4).




Figure 3 | Significant Gene Ontology populated by the 41 genes of interest. The 41 GOIs were used to query DAVID Bioinformatics Resource v 6.8 (https://david.ncifcrf.gov/). We identified numerous GO terms as statistically significant; these included response or cellular response to nitrogen or organonitrogen, as well as response to cellular ion and cation homeostasis. Blood vessel development and morphogenesis terms were also enriched.




Table 4 | Gene Pathway of Involvement. Using pathway databases, we identified pathways of involvement for each of the genes.



Next, we studied the genes identified in greater detail. We observed clear differential regulation between LTBI and ATB for DNAL4, ATP5B, CLEC1, FLJ20647, ELOVL5, SIGLEC11, FLJ10587, JTV1, ACBD3, ASAH1, PDGFRA, OSBPL8, with mean gene-expression levels upregulated in ATB and downregulated in LTBI (Figure 4). DNAL4 encodes an ATP-dependent molecular motor ATP5B encodes for an ATP synthase subunit; the synchrony in their expression levels being appropriate given both their functions surround the use and synthesis of ATP and progression of Mtb infection is characterized by increased cellular movement (The Human Protein Atlas - https://www.proteinatlas.org/) (39). CLEC1, a C type lectin gene, is enriched in several cell types in the myeloid lineage including classical monocytes, intermediate monocytes, myeloid dendritic cells, and is involved in cell-to-cell signaling, cell adhesion, inflammatory response. C type lectin receptors have been closely tied to anti-TB immune responses as pathogen recognition receptors (40). FLJ20647 modulates mitochondrial calcium uptake and cell death pathways, calcium availability in the cytoplasmic area of the cell is vital for NADPH oxidase complex formation and phagocytic clearance of intracellular bacterium (41). Previous studies have positively correlated lipid metabolism and caseous TB granulomas (42); consistent with this ELOVL5, a gene involved in fatty acid metabolic processing, had increased expression in ATB and down regulated in LTBI. SIGLEC11 is involved in anti-inflammatory and immunosuppressive functions, and macrophage, dendritic, and neutrophil infiltration (43). Thus, SIGLEC11 and DNAL4 appear to contribute to cell migration and infiltration to site of infection during TB. SIGLEC1 has also been shown to positively correlate with Type I interferon expression in Mtb/HIV coinfected patients (44). The JTVI encoded-protein is a member of the aminoacyl-tRNA synthetase complex, suggesting the need for increased macromolecular synthesis during ATB relative to LTBI (45). The ACBD3 encoded-protein is involved in the maintenance of Golgi structure and recruits PI4K, which is critical for the macrophage response and early T cell activation through CD3 T cell receptor (46). The ASAH1 encoded-protein is involved in the formation of the mature lysosomal enzyme, which catalyzes the degradation of ceramide into sphingosine and free fatty acid. Mtb is known to inhibit sphingosine synthesis, as it is required for phagosome maturation (47). PDGFRA is known to play a critical role in lung alveogenesis (48) and injury response in this tissue (49). It is therefore not surprising that the expression of PDGFRA is induced in ATB but not in LTBI. OSBPL8 encodes a lipid transporter involved in the transport of phosphatidylserine and phosphatidylinositol 4-phosphate, the latter being a key constituent of the mycobacterial cell wall target (50).




Figure 4 | Stacked Mean Gene Expression. As an alternative visualization of the data, mean gene expression ± SEM of ATB (red), LTBI (green), and Mtb/SIV (blue) cohorts was plotted.



For a select group of genes, expression was upregulated in LTBI- and downregulated in ATB-samples. These included VKORC1, MGC13114, MCAM, FLJ10357, IHH, TTC7A, and MCG14376. VKORC1 aides in the enzymatic conversion to the active form of vitamin K, and acts in an anti-inflammatory manner through the inhibition of NFkB pathway and macrophage M1 polarization (51, 52). MCAM expressing alveolar macrophages are enriched in the lungs of patients with COPD and it is theorized that MCAM contributes to airway remodeling in chronically obstructed lungs and leukocyte homing (53, 54). FLJ10357 may act as a guanine nucleotide exchange factor to Rho GTPases and aid in the internalization of Mtb into the macrophage (55, 56). Similar to MCAM, IHH regulates cell differentiation and tissue remodeling (57). TTC7A, similar to ACBD3, acts as a regulator of PI4K (58). MGC14376 is a hypothetical protein that has been shown to be upregulated during latent cytomegalovirus as well as our latent infection (59).

A subset of genes in both LTBI and ATB cohorts were upregulated, but the magnitude of upregulation differed greatly between groups (Figures 2A, 4). These genes include those encoding for UCN3, AGTRAP, BAX, DCAMKL1, ACRV1 and GPR152. UCN3 is involved in glucose dependent insulin secretion (60). AGTRAP acts as a negative regulator of angiotensin II signaling and has been found to be upregulated in LTBI cohorts in humans in previous meta-analyses of humans gene expression data (61). When host cells are under stress, BAX relocates to the mitochondrial membrane, triggering controlled cell death or apoptosis (62). DCAMKL1 has been associated with microtubule formation and calcium signaling (63), similar to several other differentially regulated genes MCAM, MX1, FLJ20647, PDGFRA, DCAMKL1, HOMER3.

The expression of a family of genes was induced in both ATB and Mtb/SIV, but not in LTBI (Figures 2A, 4). These genes encode MX1, G1P2, SECTM1, DNAL4, and FLJ20647. Several of these genes, (MX1, G1P2, SECTM1) can be most notably identified as belonging to interferon response, particularly Type I IFN signaling (Figures 2A, 4). Type I IFN signaling is thought to be detrimental to the host in cases of infection with intracellular bacterium, such as Mtb (64). Previous studies indicate that Type I IFN may block hosts ability to limit bacterial replication through upregulation of immunosuppressive pathways (64, 65). It is notable that LTBI cohorts, which exhibit a controlled infection, exhibit a downregulated expression of Type I IFN associated genes, while Mtb/SIV and ATB cohorts show upregulation in the expression of these genes, indicative of uncontrolled bacterial and viral replication in those groups.

We then studied if genes with significant expression changes between the groups could predict bacterial burden. LTBI had two negative correlations of significance between bacterial burden and the genes MX1 and ACBD3, which are involved in many pathways including antiviral, NADPH oxidase complex, calcium signaling, Type I interferon, and apoptosis (Table 4). In Mtb/SIV there were two negative correlations to ATP5B and CDC42BPB, which are involved in ATP pathways and cell migration, respectively. Mtb/SIV also had one positive correlation to bacterial burden with BAX, an apoptosis relevant gene (Table 3). Though the other GOIs did not exhibit significant correlations, that may indicate that there is an indirect effect on bacterial burden rather than a direct one.

We used our expertise in immunohistochemistry and multilabel confocal microscopy imaging to validate some findings from our transcriptomics screen. As shown in Figures 2A, 4, several genes involved in Type I IFN signaling were differentially expressed in the lungs of animals with ATB relative to those that exhibited control of infection. Of these we validated the expression of Type I IFN downstream gene MX1 in the lungs of animals with Mtb infection that exhibited two different outcomes. The expression of MX1 was detected at significantly higher levels in the ATB relative to the LTBI group, validating the findings from the transcriptomics screen (Figure 5). More importantly the expression of MX1 was detected in cells that were positive for the pan-macrophage marker CD68 (macrosialin), a LAMP family glycoprotein. We have traditionally exploited the expression of CD68 in RM lungs to mark macrophages as well as monocytes. In RM lungs CD68 is not expressed on lymphoid or epithelial cells. These results conclusively show that Type I IFN signaling is induced in a Mtb-burden-specific manner in lung macrophages during TB disease.




Figure 5 | Confocal microscopy based validation of MX1 expression. Multilabel immunofluorescence confocal images validating in vivo expression of MX1 (yellow) in CD68 (magenta) expressing macrophage cells in a representative FFPE section from lungs of ATB and LTBI macaques. Arrow heads show macrophages (CD68+) expressing MX1. The images shown here are from the advance stage lesions (granulomas). Majority of the macrophages in ATB lung are seen to express MX1, whereas in LTBI lung, the macrophages expressing MX1 are fewer in numbers.






Discussion

While most people exposed to Mtb develop control over infection, there still are more than 10 million reported cases of active TB disease every year, worldwide. Clearly, approaches aimed at identifying those associated with a risk of progression are urgently needed. Previous studies in patient samples from Africa have found Type I IFN signaling to be highly relevant to identifying gene signatures able to differentiate between TB disease states (66). Berry et al. identified 393 gene pattern which allowed them to differentiate between LTBI and ATB patients using whole blood. They were also able to identify 86 genes which differentiate between ATB and other inflammatory diseases (66). Zak et al. identified a 16 gene signature that allowed for the calculation of risk of disease progression in seemingly healthy adolescents (67). Other studies predicted disease progression through the use of a single gene pair, C1q C-chain/T-cell receptor-α variable gene 27, in household contacts with recent exposure (68). Our study is unique in that we have compared control (naïve), ATB, LTBI, and Mtb/SIV RM and have sampled from the site of infection in the lung rather than from the peripheral blood. Sampling lung tissue is invasive but this study has reaffirmed that the periphery may not completely predict expression in the local environment of the infection. Through the use of RM, we have employed a controlled system with defined dates of infection and in the absence of treatment. While our results did not identify a direct overlap in the genes identified by Berry et al (66), or Zak et al (67), there was overlap between these data sets at the level of pathways and function. All datasets have extensive contribution from the Type I Interferon pathway and antiviral immune response, including interferon induced genes (IFITM1, IFITM3, IFIT3, IFI44, IFIH1, IFIT3, IFI16, IFI35, IFIT2, GBP1, and GBP2 in (66) and MX1, IFRG28, G1P2, SIGLEC1 in our study. All three datasets are also well represented in other functional categories, e.g., calcium transport and signaling (CACNA1E and CACNA1I in (66) and CAM, FLJ20647, PDGFRA, DCAMKL1, and HOMER3 in our study); apoptosis (CASP4 and CASP5 in (66) and BAX, MX1, JTV1, ASAH1, STAT5B, and DCAMKL1 in our study), etc. It must be kept in mind that our sample was the lung lesion at a defined time after experimental Mtb infection, while the human data was obtained from peripheral blood. Furthermore, the 41 GOI set represented those that were able to differentiate between three types of samples: ATB, LTBI and Mtb/SIV.

Our results indicate that there is no single gene or metric that is able to fully differentiate between all cohorts; rather it is a cluster of genes coupled with bacterial burden and peripheral markers that allow for an efficient diagnosis. Though there is often phenotypic similarity between ATB and Mtb/SIV, LTBI and naïve, on a genetic level those similarities were less apparent to us. A set of 41 genes of interest in concert showed the potential to differentiate between host disease states. We observed a pattern where ATB and Mtb/SIV, and CTRL and LTBI shared a high level of similarity between themselves (Figure 1, Table 1). This pattern however, appeared to deviate in regards to gene expression (Figure 2A, Table 1). These results also suggest that gene-expression during Mtb infection and granuloma formation may be characterized by chronic stimulation by reactive nitrogen species and/or other organonitrogen/nitrogen containing compounds such as NO, diamide, azide, hydroxyurea etc.

Our findings suggest that these 41 genes may be useful in differentiating between the three types of cohorts of NHPs exposed to Mtb, namely, ATB, LTBI, and Mtb/SIV. We believe that our findings are interesting and the gene signature we mention may identify candidate pathways for fruitful investigation in diagnostics and several other clinically relevant areas. The identified genes and their relevant pathways which were differentially regulated in response to infection. A number of those pathways, identified in results section above, were involved in chemotaxis, antiviral activity, Type I interferon, NFκβ signaling, lipid metabolism, calcium signaling, and ATP processing. Macrophages were found to be an important cell type in relation to the differentially expressed genes through M1 polarization pathways, calcium signaling, which plays a critical role in G-protein-coupled reactions in macrophages (69), and NADPH oxidase complex induction, which is necessary for the activation of MAPK/ERK (70) (Table 3). Macrophages play an important role in innate immune response to Mtb infection; acting as antigen presenting cells to recruit cells to site of infection; activating T cells, and internalizing Mtb into the phagosome for destruction though virulence factors (71). Our results therefore suggest that macrophage polarization, activation and their response to key signals such as Type I IFN and Phox may be important events in Mtb induced TB disease and reactivation of LTBI in Mtb/HIV co-infection. The higher expression of MX1 (Figure 5) in ATB, likely on lung macrophages, relative to its lower expression in those animals which exhibited control, could suggest an important, understudied role for Type I IFN signaling in TB. It has been suggested that Type I IFN signaling could both be protective and detrimental in TB (72). Macrophages conditioned with IFN-γ have been considered as M1 or classically activated phagocytes which favor the restriction of Mtb. However, alternatively activated macrophages called M2 associated with immunomodulatory and tissue repair functions have also been described in TB and identified in lungs. Type I IFNs have been known to promote anti-inflammatory states in some instances (73), while other reports suggest that this pathway can enhance inflammation (74). IFN-γ signaling, a key protective cytokine produced by activated CD4+ T helper cells during Mtb infection, has recently been shown to inhibit the expression and function of Type I IFN signaling on macrophages (75). Genes identified to be responsive to both IFN-γ and Type I IFNs are expressed by macrophages in the lungs of RM with ATB. Therefore, our results suggest that the inhibitory effect of IFN-γ on Type I IFN genes may be dysregulated in ATB, leading to the high expression of genes such as MX1 on CD68+ macrophages in ATB but not LTBI. Clearly, more information is needed to better understand how the IFN-γ/Type I IFN interplay regulates the ability of macrophages to inhibit Mtb replication in lungs, but our results suggest that this interplay may be important.

A drawback of this study is the necessity of lung tissue samples for DNA microarray based profiling. Further analysis is needed comparing these results to that of surrogate lung samples such as bronchoalveolar lavage, or peripheral samples e.g., blood from both NHP and humans, to identify whether these results a translatable to a non-terminal procedure. Of these 41 genes there is the potential, in the future, to further curate the dataset down to a smaller set of genes while still maintaining the capability to differentiate between cohorts. This study can be used as a platform for comparison between differing host disease states and gives a basis of 41 genes which can accurately differentiate between naïve, active, latent, and co-infected TB animals.
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Supplementary Figure 1 | Data is shown for the peripheral blood count for (A) Reticulocytes, (B) Basophils, (C) Eosinophils, (D) Red blood cells (RBCs) and (E) Platelets compared between all four cohorts, control (black), ATB(red), LTBI (green), and Mtb/SIV (blue). Data is shown for ATB (n=16), LTBI (n=11), and Mtb/SIV (n=8). Error bars represent Mean ± SEM.
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Peptide Sequence Mmo calc Mo meas? Mass error (ppm) Rt®
Penetratin RQIKIWFQNRRMKWKK 2,244.3055 2,244.3057 0.15 6.1
Transportan AGYLLGKINLKALAALAKKIL 2,180.4137 2,180.4130 0.66 10.6
Tat YGRKKRRQRRR 1,657.9665 1,557.9665 0.02 0.9
Magainin GIGKFLHSAKKFGKAFVGEIMNS 2,464.3413 2,464.3413 0.02 8.2
Buforin RAGLQFPVGRVHRLLRK 2,001.2337 2,001.2336 0.10 6.6
Dhvar4 KRLFKKLLFSLRKY 1,838.1771 1,838.1766 0.54 6.9
Crot(1-9,38-42) YKQCHKKGGKKGSG 1,508.8092 1,503.8092 0.02 08
CM15 KWKLFKKIGAVLKVL 1,769.1807 1,769.1800 0.72 8.4
OT20 TKPKGTKPKGTKPKGTKPKG 2,062.2739 2,062.2738 0.10 16
Melittin GIGAVLKVLTTGLPALISWIKRKRQQ 2,844.7542 2,844.7530 1.20 10.6
Cf-Penetratin Cf-AGYLLGKINLKALAALAKKIL 2,602.3527 2,602.3544 1.75 7.8
Cf-Transportan Cf-GIGKFLHSAKKFGKAFVGEIMNS 2,538.4609 2,538.4631 2.21 12.2
Cf-Tat Cf-YGRKKRRQRRR 1,916.0137 1,916.0137 0.03 4.6/5.0
Cf-Magainin Cf-KRLFKKLLFSLRKY 2,822.3885 2,822.3907 2.16 9.6/9.7
Cf-Buforin Cf-RAGLQFPVGRVHRLLRK 2,359.2809 2,359.2796 1.30 7.7/7.8
Cf-Dhvar4 Cf-RAGLQFPVGRVHRLLRK 2,196.2243 2,196.2250 0.66 9.0/9.1
Cf-Crot(1-9,38-42) Cf-YKQCHKKGGKKGSG 1,861.8564 1,861.8567 0.33 5.5/5.8
Cf-CM15 Cf-KWKLFKKIGAVLKVL 2,127.2279 2,127.2270 0.94 9.6/9.7
Cf-OT20 CF-TKPKGTKPKGTKPKGTKPKG 2,420.3211 2,420.3215 0.45 4.9/5.0
Cf-Melittin CF-GIGAVLKVLTTGLPALISWIKRKRQQ 3,202.8014 3,202.8028 1.37 12.2
INH-Penetratin INH-RQIKIWFQNRRMKWKK 2,421.3593 2,421.3581 1.19 6.7
INH-Transportan INH-AGYLLGKINLKALAALAKKIL 2,357.4675 2,357.4663 1.24 1.5
INH-Tat INH-YGRKKRRQRRR 1,785.0178 1,785.0172 0.59 1.0
INH-Magainin INH-GIGKFLHSAKKFGKAFVGEIMNS 2,641.3951 2,641.3947 0.40 9.0
INH-Buforin INH-RAGLQFPVGRVHRLLRK 2,178.2875 2,178.2875 0.05 7.0
INH-Dhvar4 INH-KRLFKKLLFSLRKY 2,015.2309 2,015.2318 0.86 8.0
INH-Crot(1-9,38-42) INH-YKQCHKKGGKKGSG 1,680.8630 1,680.8638 0.80 17
INH-CM15 INH-KWKLFKKIGAVLKVL 1,946.2345 1,946.2352 0.66 9.2
INH-OT20 INH-TKPKGTKPKGTKPKGTKPKG 2,239.3277 2,239.3273 0.38 4.1

C-terminus of the peptides was amidated. Note, that Cf was coupled as a 5(6) isomer which can be separated in some conjugates on the HPLC chromatograms.
AExact molecular mass measured on a Thermo Scientific Q Exactive™ Focus Hybrid Quadrupole-Orbitrap ™ Mass Spectrometer.
bRetention time on Waters Acquity UPLC BEH C18 (1.7 um, 150 x 2.1 mm) column, flow rate:

3 mi/min, gradient: 2% B, 1 min; 2%—-100% B, 16 min.
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M1-like M2-like

Baseline Predominantly glycolytic Mainly refiant on oxidative metabolism
Pro-inflammatory Anti-inflammatory
Microbicidal Tissue repair
Key markers: CD86, iNOS, ROS Key markers: CD206, CD163, Arg
M.tb Interstitial macrophages Alveolar macrophages
Glycolysis needed for M.tb control (47) More permissive to M.tb growth (30)
M.tb restricts glycolysis (48-50)
M.leprae Predominant tuberculoid, lesions (39, 51) Predominant in severe lesions (39, 51)
Blocks M1 polarization in infected monocytes (52) Favor bacterial persistence (53)

Infections promote M2 phenotype in hMDMs (54, 55)
Promotes Treg phenotype (54, 55)

Summary of the key distinctive factors between the M1-like and M2-like macrophage populations. Each population plays a different role in the context of M.tb and M.leprae infection, and
have specific capabilities to combat infection, resulting in differential outcome.
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Cattle subspecies Cattle breed Sample size and (genotype frequency) Total sample size (n)

s TA AA
Bos taurus Holstein Friesian 17 (1.0) 0 0 17
Brown Swiss 6 (0.4) 9(0.6) 0 15
Bos indicus Boran 2(0.12) 8(0.47) 7(0.41) 17
Sahiwal 0 0 17 (1.0) 17
Total 25 (0.38) 17 (0.26) 24 (0.36) 66

A total of 66 cattle from Bos taurus and Bos indicus breeds (BS n=15, HF n=17, Sahiwal n=17, Boran n=17) were examined for their genotype frequencies with respect to SNP
68343167 (H326Q). Genotype ‘TT’ codes for the homozygous ‘wildtype’ bovine TLR2 reference sequence NM_ 174197.2. Genotype ‘TA’ were heterozygous individuals and genotype
were homozygous for the H326Q SNP variant.
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Brown Swiss Holstein Friesian

dbSNP ID Chromosome mRNA cps Amino Acid Codon Residue Function of ~BS1 BS2 BS3 BS4 BS5 BS6 HF1 HF2 HF3 HF4
Position Position Position Position Change Change SNP

nd nd 202 6 2 CCA>CCG - Synonymous X x ox x x x x x x x
168268249 3953001 382 186 62 AAT>AAC - Synonymous X x x x  x

(555617172 3952998 385 189 63 GAT->GAG  DI(Asp) -> E(Glu) X x ox x x x x x x x
(68268250 3952085 308 202 68 GGC->AGC  G(Gly) -> S(Ser) X x ox x x

143706433 3052556 827 631 211 ATT>GTT lle) >V(va)  Missense X x x x x X x x x X
(68268253 3970326 1141 945 315 CGG>CGT - Synonymous X X x x x

rs68343167 3952209 1174 978 326 CAT>CAA  H(His) > Q(GIn) Missense x x ox x x

1568343168 3952177 1206 1010 337 AGA>AAA  RIArg) -> K(Lys) x x x x x

(68268256 3051937 1446 1250 7 AAC>AGC  N(Asn) -> S(Ser) X xox x

(68268257 3951879 1504 1308 436 GGA>GGC - Synonymous X ox o oxox

168268260 3951499 1884 1688 563 CGC->CAC  RiArg) -> H(His) Missense x x x x x

15440038496 3051477 1906 1708 570 GTG>GIT - Synonymous x x ox  x x x
568268261 3051408 1975 1779 503 GOA>GCC - Synonymous x x ox  x  x

467790258 3951405 1978 1782 504 GOG>GCA - Synonymous x x ox x x

(68268263 3951192 2191 1995 665 CAC>CAG  H(His) -> Q(GIn) Missense x x ox x x

(68343171 3051162 2221 2025 675 CAT>CAC - Synonymous x x ox  x  x

1568268264 3951132 2251 2085 685 ATT->ATC = Synonymous x x ox x x

(68268266 3950073 2410 2214 738 GAG>GAA - Synonymous x x ox x x

68268267 3050892 2491 2295 765 cco>CeT - Synonymous x x ox  x  x

The coding sequence for TLR2 in BS (n=6) and HF (n=4) animals were identified by Sanger sequencing and contigs matched against reference sequence NM_174197.2 (Bos taurus Hereford breed). SNP variants were classified as either
synonymous or non-synonymous mutations, with the corresponding amino acid changes displayed. The SNP detected at mRNA position 202 was not found in the NCBI dbSNP database. The presence of allele change within individual
animals s depicted s 'x'. Amino Acid position highiighted depicts positions noted from TLR2 CDS transcriptalignments detailed in Supplementary Figure $4. Yelow = unique to BS, Green = unique to BS and B. taurus, Blue = unique to B
indicus and Magenta = variable across all species.
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Primer name Sequence GC (%) Tm (°C)
bovine TLR2 cds forward CACCATGCCGCGTGCTTTGTGGACA 60 67.9
bovine TLR2 cds reverse CGAAGGGTCCTAGGACCTTATTGCAGCTCTC 54.8 70.8
bovine TLR2 int forward CAGTGCTCAAAATCTGCAGATA 40.9 56.5
bovine TLR2 int reverse GTACTCATTTCACTGATGGATGC 43.5 58.9

All primers were designed using Primer-BLAST (NCBI) and Primer3Plus.
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Antibody Clone Label Dilution

Mouse IgG1 negative control - FITC 1:20
Mouse IgG1 negative control - RPE 1:20
Mouse IgG2a negative control - FITC 1:20
Mouse IgG2b negative control - RPE 1:20
Mouse IgG2a anti Human CD 14 TUK4 RPE -
Mouse IgG2a anti Human CD 16 KD1 FITC -
Mouse IgG2b anti Bovine CD 11b CC126 FTC -
Mouse IgG1 anti Bovine CD 32 CCG36 RPE -
Mouse IgG1 anti Bovine CD 80 IL-A159 FTC -
Mouse IgG1 anti Human CD 163 EDHu-1 RPE -
Mouse IgG1 anti Bovine MHC II: DR CCc108 RPE 1:25
Human IgG anti Bovine CD282 AFB47

Mouse IgG anti Human CD282 AF647

HuCAL Fab-dHLX-MH AF647
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Pathogen

M. tuberculosis

M. tuberculosis

M. tuberculosis

M. tuberculosis

M. tuberculosis

M. tuberculosis
M. tuberculosis

M. tuberculosis

M. marinum

M. abscessus

M. kansasii

M. tuberculosis
M. tuberculosis

M. marinum
M. marinum

M. marinum
M. tuberculosis

M. tuberculosis
M. abscessus

M. tuberculosis

M. smegmatis

M. fortuitum
M. kansasii

M. tuberculosis

M. bovis

M. ulcerans

‘ND' denotes Not determined. ‘FA’

Strains

H37Rv

H37Rv

H37Rv

H37Rv

H37Rv ATCC
27294

H37Rv

H37Rv ATCC
25618

H37Rv

E11 strain

ATCC 19977

ATCC12478

H37Ra
H37Rv

M-strain
M-strain

M-strain
H37Rv ATCC
27294

H37Rv
ATCC 19977

H37Rv ATCC
25618

mc2 1565

ATCC 6841
ATCC 12478

H37Rv
ATCC358121

Beijing strain

01G897 and
1615

Inflammasome
target

NLRP3

NLRP3

NLRP3

NLRP3

NLRP3

NLRP3
NLRP3

NLRP3

NLRP3

NLRP3

NLRP3

NLRP3
NLRP3

NLRP3
NLRP3

NLRP3
NLRP3

NLRP3
NLRP3

NLRP3

AIM2

AM2
AM2
AIM2

AIM2

NLRP3/1

indicates first author.

Cell Type/in vivo

peritoneal exudate
macrophages, BMDMs

J774A.1, BMDMs,
and THP-1
macrophages

mouse retinal pigment
epithelium (RPE) cells

PBMCs, THP-1
macrophages

Mouse peritoneal
macrophages, PMA-
differentiated THP1
cells, and BMDMs

BMDMs

THP-1 macrophages,
BMDMs, BMDCs

THP-1 macrophages,
Human MDMs

Human primary Type 1
macrophages

Human MDMs, THP-1
macrophages

THP-1 macrophages

Primary microglia

Ana-1 mouse
macrophage cell line

BMDMs

Female C57BL/6 (B6)
mice and ASC-KO mice

BMDMs
THP-1 macrophages

BMDMs/C57BI/6 mice
BMDMs, J774A.1

BMDCs

BMDCs

BMDCs
BMDCs

Peritoneal
macrophages

BMDMs, J774A.1

BMDMs, hMDM/
C57BI/6 mice

Mechanism/Function/Triggers involved

Induction of Potassium efflux results in increased
secretion of IL-1B and IL-18

Assembly of NLRP3 inflammasome complex
(interacts with NATCH and LRR domains)

Caspase-1 activation

Up-regulates expression of MFN2 and induces
release of IL-1B

Induces GSDMD mediated pyroptosis through
interaction with RACK-1

Phagocytosis and Potassium efflux

induces Caspase-1 activation and IL-1B secretion

Phagosomal damage, Syk activation, Lysosomal
permeabilization

Potassium efflux, ROS production and cathepsin B
release

dectin-1/Syk-dependent signaling, expression of the
cytoplasmic scaffold protein p62/SQSTM1 (p62) and
Potassium efflux leads to activation of Caspase-1 and
secretion of IL-1B

Potassium efflux, lysosomal acidification, ROS
production and cathepsin B release

NF-Kb in signal 1 and P2X7R in signal 2
Potassium efflux

induces Caspase-1 activation
Promotes secretion of IL-1B

Promotes secretion of IL-1B and IL-18
induces Caspase-1 activation and IL-1B secretion

Secretion of activated Cathepsin B into the cytosol

Induction of mtROS results in increased IL-1f
secretion

induces Caspase-1 activation and IL-1p secretion

induction of IFN-B

induction of IFN-B
induction of IFN-B

induces Caspase-1 activation and IL-1p,IL-18
secretion

Up-Regulates the mRNA Expression of AIM2 and
ASC, requires potassium efflux and mycobacterial
internalization but not Reactive Oxygen Species

Toxin binding to TLR-2, membrane permeabilization
and ROS production

Bacterial
effector/mediators

RD1 Locus

PPE13

EsxA and dsRNA

EsxA

Rv1579c (EST12)

RD1 locus
ESX-5a

EsxA

ESX-5

ND

possibly ESX-1/
EsxA

ND
LpaH

ESX-1
ESX-1

ESX-1
EsxA

EsxA

enhanced cytosolic
escape of bacteria
partially ESX-1—
dependent
mechanism

partially ESX-1—
dependent
mechanism

ND
ND
Mtb genomic DNA

ND

mycolactone
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Bacteria score Pearson’s r
P-value
MNGC score Pearson’s r
p-value
Granuloma category Pearson’s r
p-value
Time Pearson’s r
p-value
Species Pearson’s r
p-value

Values in bold show positive correlations.

Bacteria score

0.367
<.001
0.478
<.001
-0.041
0.345
-0.076
0.081

MNGC score

0.606
<.001
0.347
<.001
-0.067
0.124

Granuloma category

0.300
<.001

-0.029
0.498

Time

0.089
0.041

Species
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Granuloma Rhesus Cynomolgus
Category

Week 4 Week 12 Week 4 Week 12

Number of Mean Range Number of Mean = Range Number of Mean Range Number of Mean Range

observations +SD observations SD observations +SD observations +SD
1 49 0 0 27 0 0 21 0 0 26 0 0

2 32 006+ 0-2 55 042+ 0-14 17 0 0 45 011+ 0-3
0.35 201 0.49

3 2 0 0 14 236+ 0-11 0 N/A N/A 9 044+ 0-2
3.43 0.88

4 11 0 0 43 330+ 0-23 7 0 0 27 122+ 0-5
4.70 172

5 17 035+ 0-2 52 538+ 0-63 8 088+ 0-2 38 258+ 0-29
0.70 10.54 0.99 4.86

6 0 N/A N/A 238 1713 = 0~ 0 N/A N/A 8 875+ 3-23
39.56 157 7.52

Number of observations = number of granulomas counted in all granuloma categories at each time point. Range = range of MNGCs observed in granulomas. Mean = mean number of
MNGC observed + SD.
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Granuloma Rhesus

Category
Week 4 Week 12
Number of Mean+ Range Numberof Mean= Min/Max Number of
observations SsD observations SD Range  observations
1 49 0 0 27 0 0 21
2 32 019+ 0-3 55 0 0 17
0.59
3 2 150+ 0-3 14 0.43 = 0-5 0
212 1.34
4 " 027+ 0-2 43 0.35 + 0-6 7
0.65 1.138
5 A 1747+ 0-51 52 2.56 0-51 8
20.16 8.85
6 0 N/A N/A 23 1143+ 0-51 o]
20.27

Mean =+ Range

1800+ 0-51

Week 12

Mean Min/Max
+SD  Range

0 0
0 0
0 0
0 0
045 + 0-5
0
22+ 0-51
24.54

Number of observations = number of granulomas counted in all granuloma categories at each time point. Range = range of AFB observed in granulomas. Mean = mean number of AFB

observed + SD.
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Granuloma
category

1

Organised or
unorganised

Unorganised

Unorganised
Unorganised

Organised

Organised
Organised

Necrotic or
non-necrotic

Non-necrotic

Non-necrotic
Necrotic

Non-necrotic

Necrotic
Necrotic

Description

Small, diffuse foci consisting of macrophages, lymphocytes, scattered neutrophils, and eosinophils that lack
clearly defined boundaries.

Similar inflammatory cell types as category 1 lesions but are larger and are more defined.

Lesions similar to category 2 but with the addition of focal necrosis, defined by pyknosis and karyorrhexis with
the loss of cellular architecture.

Well circumscribed, organised lesions which consist primarily of macrophages admixed with neutrophils and
other leucocytes with evidence of few peripheral lymphocytes.

Lesions similar to category 4 lesions with the addition of a necrotic foci with degenerate neutrophils.

Classical, largely well-demarcated lesion with central, caseous necrosis and a variable rim of lymphocytes.

Unorganised = lacking peripheral lymphocyte cuff: organised = peripheral lymphocyte cuff present.
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Animal ID  Species Examination week post  Presented exposure dose Disease burden measure Number of granulomas
infection [CFU] counted
Granuloma
categories
Total pathology ~ Pulmonary Lesion Total 1 2 3 4 5 6
score count

T7 Rhesus 4 24 10 10 75 47 20 2 - 6 -
T21 Rhesus 4 24 9 15 72 49 10 - 5 8 -
126 Rhesus 4 25 16 7 60 40 11 - 5 38 -
T41 Rhesus 4 25 7 27 65 48 111 1 4 -
980BEEA  Cynomolgus 4 25 6 17 17 12 3 - - 2 -
978AJB Cynomolgus 4 23 8 12 19 12 5 1 1 - -
970CIA Cynomolgus 4 27 8 9 28 17 2 3 2 4 -
545ACEA  Cynomolgus 4 25 12 44 M0 9 - - - 1 -
T59 Rhesus 12 25 15 2 32 26 2 - 2 2 -
T75 Rhesus 12 24 21 10 95 55 16 - 16 8 -
u22 Rhesus 12 18 40 51 148 11 26 5 55 46 5
u1s Rhesus 12 19 29 1401 68 5 11 9 7 19 17
044HAFC  Cynomolgus 12 23 15 22 29 19 6 - 2 1 1
031MN Cynomolgus 2 28 9 3 238 21 1 - - - 1
406ADM Cynomolgus 12 24 15 7 84 34 10 - 18 19 3
980ABAGB Cynomolgus 12 23 12 13 17 146 1 = = = 1

Total pathology score = gross pathology. Pulmonary lesion count = whole lung gross count. Granulomas counted = right upper and left lower lung lobes only.
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Gene Gene description H37Rv/M.marinum H37Rv/Hi-H37Ra

Fold change P-value Fold change P-value
Genes upregulated by H37Rv as compared with M. marinum and HKMT
IL23R interleukin 23 receptor 49.44 <0.001 128.00 <0.001
CCR7 chemokine (C-C motif) receptor 7 48.62 0.001 115.06 <0.001
IL1R1 interleukin 1 receptor, type | BT <0.001 8.51 <0.001
TNFSF14€© tumor necrosis factor superfamily member 14 8.21 0.001 5.11 0.002
TNFRSF9 tumor necrosis factor receptor superfamily, member 9 8.19 0.001 3.32 <0.001
TNFRSF18 tumor necrosis factor receptor superfamily, member 18 7.22 0.001 6.81 0.001
coL17® C-C mottif chemokine ligand 17 6.79 0.027 7.52 0016
PPBP® pro-platelet basic protein 5.19 0.013 6.11 0.005
IL1R2 interleukin 1 receptor, type Il 4.87 0.017 6.87 0.004
CCR9®@ chemokine (C-C motif) receptor 9 4.69 0.047 6.52 0.014
CCL7 C-C motif chemokine ligand 7 4.63 0.013 45.49 <0.001
IL24© interleukin 24 4.4 0.005 4.77 0.002
TNFSFO® tumor necrosis factor superfamily member 9 3.99 0.001 3.40 0.002
IL10 interleukin 10 3.94 <0.001 2.65 0.000
TNFRSF14 tumor necrosis factor receptor superfamily, member 14 3.75 0.001 4.69 <0.001
CXCL2 C-X-C motif chemokine ligand 2 3.51 0.005 3.42 0.004
CXCL3 C-X-C motif chemokine ligand 3 3.51 0.004 3.43 0.002
ccL24@ C-C motif chemokine ligand 24 2.96 0.012 4.50 0.001
ccL2 C-C motif chemokine ligand 2 2.79 0.024 5.92 0.001
IL15RA interleukin 15 receptor, alpha 2.34 0.032 7.33 <0.001
CXCR5® chemokine (C-X-C motif) receptor 5 2.04 0.021 2.06 0017
Genes with intermediate expression: M. marinum H37Rv HKMT
CXCL11 C-X-C motif chemokine ligand 11 0.42 0.036 26.83 <0.001
CCL8 C-C motif chemokine ligand 8 0.09 0.002 13.57 0.001
CXCL9 C-X-C motif chemokine ligand 9 0.18 0.003 12.39 <0.001
TNFSF10 tumor necrosis factor superfamily member 10 0.36 0.050 12.33 <0.001
CXCL10 C-X-C motif chemokine ligand 10 0.15 0.001 10.11 <0.001
TNFSF13B tumor necrosis factor superfamily member 13b 0.37 0.001 4.85 0.001
IL31RA interleukin 31 receptor, alpha 0.27 0.004 3.88 0.003
Genes downregulated by H37Rv as compared with M. marinum and HKMT
TLR7@ toll-like receptor 7 0.26 0.004 0.31 0.009
CCL21 C-C motif chemokine ligand 21 0.06 0.001 0.06 0.001

@ Deregulated by H37Rv only; ® deregulated by H37Rv and HKMT; © deregulated by HKMT only; © deregulated by M. marinum only; © deregulated by HKMT and M. marinum.
One hundired and eighty-four host immune response-related genes were quantified in RT-qPCR in THP-1 derived macrophages following two days infection with H37Rv (n=4), M. marinum
(n=3), or two days stimulation with HKMT (n=4). Genes showing significantly different expression levels following H37Rv infection as compared with M. marinum infection and HKMT
stimulation were identified using one-way ANOVA and multiple comparisons on AACt.
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miRNA ID

dme-miR-7-5p
hsa-miR-21-3p
hsa-miR-146a-5p
hsa-miR-29a-5p
hsa-miR-17-3p
hsa-miR-212-3p
hsa-miR-10b-5p
hsa-miR-24-2-5p
hsa-miR-16-1-3p
hsa-miR-132-3p
hsa-miR-744-3p
hsa-miR-210-3p
hsa-miR-30a-5p
hsa-let-7e-3p
hsa-miR-193a-3p
hsa-miR-30d-5p
hsa-miR-20a-3p
hsa-miR-27b-3p
hsa-miR-345-5p
hsa-miR-19b-1-5p
hsa-miR-1179
hsa-miR-589-5p
hsa-miR-145-5p
hsa-miR-130b-5p
hsa-miR-181a-3p
hsa-miR-941
hsa-miR-106b-3p
hsa-miR-455-3p
hsa-miR-181a-2-3p
hsa-miR-26b-3p
hsa-miR-939-5p
hsa-miR-425-3p
hsa-miR-191-3p
hsa-miR-149-5p
hsa-miR-221-3p
hsa-miR-1184
hsa-miR-199b-5p

H37Rv/Ctrl
Fold Change P-value

6.69 0.012
4.51 0.001
3.37 0.004
3.34 0.045
3.26 0.032

2.9 0.002
2.86 0.018
272 0.001
2.66 0.026
2.44 0,010
2.2 0.024
215 0.015
2.14 0.001
213 0.014
240 0,010
207 0.003
2.01 0,020
0.49 0.001
0.45 0.006
0.45 0.014
0.44 0.022
0.43 0.018
0.38 0.001
0.35 0.013
0.35 0.004
0.35 0.036
0.35 0.013
0.34 0.002
0.31 0.007
0.29 0.001
0.28 0.048
0.25 0.005
0.24 0.001
0.24 0.011
0.23 0.001
0.23 0.036
0.156 0.004

THP-1 derived macrophages were infected with H37Rv strain (n=4). Two days post-
infection, total RNA including small RNA was extracted. Using TagMan® Array Human
MicroRNA Cards, the quantification of 765 human miRNAs was performed simultaneously
by RT-gPCR method. Statistical analysis was performed on ACt using Student’s t-test to
identified DEGs as compared to the uninfected controls.
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Source miRNA

NGS miR-155-5p
miR-30b-5p
miR-30c-5p
miR-191-3p
miR-22-3p
miR-21-5p

©) miR-29a-3p

(10) miR-223-5p

(11) miR-27a-3p

(12) miR-125b-5p

Final selection of miRNA candidates for ongoing mechanistic analyses. 6 miRNAs that met
selection criteria were selected from 20 miRNAs differentially expressed in more than one
“top 3” condition. 4 additional literature-identified candidates were selected based on their
representation in previously published relevant studies.
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G0:1901700~response to oxygen-containing compound:
G0:0055065~metal ion homeostasis:
GO0:0044699~single-organism process
G0:0051179~localization

GO0:0071495~cellular response to endogenous stimulus:
GO0:0032870~cellular response to hormone stimulus
G0:0072359~circulatory system development
G0:0072358~cardiovascular system development
G0:0048878~chemical homeostasis:

G0:0006875~cellular metal ion homeostasis:
G0:0009611~response to wounding

G0:1902533~positive regulation of intracellular signal transduction
G0:0044255~cellular lipid metabolic process
G0:0019725~cellular homeostasis

G0:1901701~cellular response to oxygen-containing compound:
G0:0001944~vasculature development
GO0:1901652~response to peptide:

GO0:0006629~lipid metabolic process

G0:0050801~ion homeostasis
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G0:0001568~blood vessel development
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G0:0048514~blood vessel morphogenesis
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GO0:0001525~angiogenesis

G0:0071417~cellular response to organonitrogen compound
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Functional category Hypoxic Starvation Acidic Stationary phase
log2 fold change >2 <-2 >i2 <2 >2 <-2 >2 <-2
virulence, detoxification, adaptation 52 (22) 22 24 (10) 26 4 1 53 27
©) (1) @ @] (@3) (12)

lipid metabolism 49 (20) 29 24 (10) 30 9 4 22 39
(12) (12) ) @ ©) (16)

information pathways 24 (10) 31(13) 22 36 2 3 19 33
© (15) (1) ) ®) (14)
cell wall and cell processes 113 (15) 115 (15) 90 88 19 11 79 123
(12) a1 @ ) (10) (16)

insertion seqgs and phages 39 (27) 6 27 2 6 3 49 3
@ (18) W] ) @ 33) @

PE/PPE 41 (24) 6 26 " 10 3 30 14
) (15) @) ©) @ (18) ®
intermediary metabolism and respiration 167 (18) 103 (11) 85 167 27 17 106 110
© (18) © @ 12) (12)

unknown 3 1 3 1 1 0 7 1
(19) ©) (19) ©) ©) @] (44) ©)

regulatory proteins 56 (29) 14 42 12 4 1 63 10
@) (2) ©) @ ) 32) )
conserved hypotheticals 152 (14) 135 (12) 194 (17) 93 46 9 205 107

(18)

(10)

In parenthesis is given the percentage relative to the total number of genes in the M. tuberculosis genome in each category.
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Cell population 13 WC1+ NKp46+

cell culture/treatment Untreated control Mb04-303 Untreated control Mb04-303
Co-culture/V 0.129 (0.023) 3.460 (1.477) 1.979 (0.543) 10.950 (4.691)
p<0.01 p<0.01
Co-culture/HI 0.796 (0.324) 0.594 (0.312) 3.303 (1.429) 4.600 (2,594)
p>0.05 p>0.05
PBMCN 0.554 (0.234) 0.809 (0.255) 1.661 (0.656) 2.158 (0.631)
p>0.05 p>0.05
PBMC/HI 0.222 (0.077) 0.302 (0.083) 0.862 (0.405) 1530 (0.917)
p>0.06 p>0.05

Percentage mean and SEM (between parenthesis) of IFN-y+ cells determined by flow cytometry in co-cultures or PBMC obtained from five different calves (N=5) treated with
heat inactivated bacteria (HI) or viable (V) Mb04-303. For each animal sample and condition tested, a single cell well was analyzed. Mean and SEM values from Figures 4A, B
are depicted in the first row (Co-culture/V); the rest of the tested conditions did not induced significant IFN-y upregulation relative to the untreated control (p values from
Friedman test are indicated).
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