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Mycobacterium tuberculosis (M.tb) uses a plethora of cell surface and secreted virulence factors to survive within the host. Among these are the PE/PPE proteins, a pair of secretory families that have expanded to 168 members in M.tb. Most of these proteins are poorly characterized due in part to their repetitive sequences and high similarity to one another. While PE/PPE genes are generally non-essential in vitro, many are highly expressed during animal infection. Thus, we conducted an in vivo pooled screen of 87 transposon mutants in M.tb PE/PPE genes and used Tn-seq to identify mutants with fitness defects in the mouse lung environment. We found consistent, time-dependent changes in mutant abundance across our animal replicates and identified decreases in several key mutant strains known to promote bacterial growth or virulence. In all, 27 of the 87 mutants showed significant reductions in percent population prevalence in the lung over 3 weeks. We then selected a transposon mutant in the PPE71 gene and validated that this strain was attenuated in a single-strain infection. Our findings suggest that a high proportion of PE/PPE genes (31%) are required for virulence in the mouse model. These observations suggest that individual PE/PPE genes have differing contributions to virulence and may help prioritize future studies of these families. Strikingly, these properties were seen only in an in vivo model, which may imply a role for PE/PPE proteins in M.tb host-pathogen interactions.
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Introduction

Unlike other major bacterial causes of pulmonary disease (Carroll and Adams, 2016), Mycobacterium tuberculosis (M.tb) is not a common colonizer of the upper airway (Jindal et al., 2016) and lacks a known environmental reservoir (Gagneux, 2018). Instead, M.tb mainly resides in the human lung, where it blocks phagolysosome maturation of infected macrophages (Clemens and Horwitz, 1995) to render the intracellular environment more hospitable. This ability to disrupt host membranous compartments is primarily mediated by ESX-1 (Pym et al., 2002; Hsu et al., 2003; Gao et al., 2004), one of five specialized type VII secretion systems in M.tb. With the phagosomal membrane compromised, M.tb can export material into the cytoplasm of the infected phagocyte and directly extravasate out of the damaged phagosome (van der Wel et al., 2007; Simeone et al., 2012; Houben et al., 2012). Via these processes, the pathogen uses cell surface and secreted virulence factors to recruit naïve macrophages for infection (Cambier et al., 2014), disrupt autophagy to prevent bacterial eradication (Deretic, 2014; Strong and Lee, 2020), and promote necrotic cell death that aids bacterial replication (Ramakrishnan, 2012; Lerner et al., 2017). Hence, M.tb remodels host immune cells and tissue structures to establish a microenvironment, the granuloma, that permits bacterial survival in the host (Ramakrishnan, 2012; Flynn et al., 2011).

As mycobacteria have evolved, they have undergone four successive duplications of their type VII secretion systems (Cole et al., 1998; Gey van Pittius et al., 2006). ESX-5, the product of the most recent duplication, arose as mycobacteria were transitioning from a fast-growing lifestyle to the slow-growing behavior seen in M.tb and related pathogenic mycobacteria (Gey van Pittius et al., 2006). M.tb ESX-5 is necessary for virulence, as full or partial deletions of this secretory system cause attenuation (Bottai et al., 2012; Tiwari et al., 2020) or loss of viability (Di Luca et al., 2012; Ates et al., 2015). Unlike the other ESX systems, which secrete a small number of proteins, the ESX-5 system has over 150 confirmed and putative substrates dispersed all throughout the M.tb genome (Cole et al., 1998; Gey van Pittius et al., 2006; Ates et al., 2015; Kapopoulou et al., 2011; Abdallah et al., 2009). Most of these substrates belong to the PE and PPE families of proteins, named for the conserved Pro-Glu and Pro-Pro-Glu amino acids in their N-terminal secretion domains (Cole et al., 1998). While PE/PPE gene homologs are sporadically seen in other Actinobacteria with type VII secretion systems (McGuire et al., 2012), repeated duplication of these substrate proteins is characteristic of mycobacteria (Gey van Pittius et al., 2006). Furthermore, pathogenic mycobacteria have acquired unique subtypes of PE/PPE proteins, including the PE_PGRS (polymorphic GC-rich repeat sequence) and PPE-MPTR (major polymorphic tandem repeat) families, each named for their large repetitive domains (Gey van Pittius et al., 2006). While considerable work has been done on PE/PPE proteins, including the repetitive subfamilies, the function of many of these proteins remains unknown (Ates, 2020).

This knowledge gap surrounding the PE/PPE proteins can be explained in part by their unusual properties. The high similarity between PE/PPE family members and the relative rarity of basic residues for trypsin cleavage has rendered these proteins challenging to disambiguate by mass spectrometry (Ates, 2020; Schubert et al., 2013). Analogously, the extraordinarily high GC-content of many of these genes make them difficult to accurately sequence, and the repetitive domains further complicate efforts at genome assembly (Cole et al., 1998; Poulet and Cole, 1995; Modlin et al., 2021). Despite these complexities, work on individual PE/PPE proteins has yielded a range of intriguing proposed functions, including nutrient uptake (Tufariello et al., 2016; Wang et al., 2020; Boradia et al., 2022), protein export (Ates et al., 2018a), lipase activity (Mishra et al., 2008; Singh et al., 2016), and host-interacting processes (Ates, 2020; Sampson, 2011). This diversity defies the historical view of the PE/PPE proteins as mere sources of antigenic variation (Banu et al., 2002) and establishes them as a vast repertoire of functional capacity for M.tb (Copin et al., 2014). Yet, most PE/PPE genes have been found to be non-essential for in vitro growth (Sassetti et al., 2003; DeJesus et al., 2017), suggesting that their functions involve survival in the host. Indeed, PE/PPE proteins have been found to be among the most abundant M.tb proteins in lung tissue from infected animals (Kruh et al., 2010). The known localization of PE/PPE proteins to the extracellular environment (Ates et al., 2018a) or the outer mycomembrane compartment (Palande et al., 2024) suggest that these proteins would be exposed to the host during infection. As such, numerous studies have suggested that the PE/PPE proteins possess a role in modulating the host immune response during infection, whether as a primary function or a secondary moonlighting property (Tiwari et al., 2020; Ates, 2020; Sampson, 2011; Copin et al., 2014; Ates et al., 2018b).

To investigate a role for the PE/PPE proteins in vivo, we gathered single transposon mutants in 87 PE/PPE genes (approximately half of the M.tb repertoire), which had been isolated in previous studies by our group (Lamichhane et al., 2003; Lamichhane et al., 2005). Using a pooled design, we infected these mutants into mice by aerosol route and used transposon sequencing (Tn-seq) to measure changes over time in the proportional prevalence of each bacterial strain within the lung. We observed a strong correlation in the behavior of the strains at Week 1 and Week 3, indicating a time-dependent directional change in pool composition. For further study, we selected a transposon mutant in PPE71 that declined in population prevalence over time in the pooled infection, suggestive of a virulence defect. We subsequently confirmed that this PPE71::Tn mutant was attenuated for animal infection by lung bacterial burden, lung histopathology, and animal survival. Overall, we observed consistent differences in the behavior of our many PE/PPE gene mutants in vivo, suggesting a highly varied contribution of individual family members to M.tb virulence. These changes were best elicited by an in vivo infection model compared to a macrophage infection model, suggesting the requirement of some aspect of host biology that is not replicated in a simpler cellular assay. Hence, our findings demonstrate the importance of studying the PE/PPE proteins in a full host immune context and suggest that this complexity may be needed to understand their functions.



Materials and methods


Bacterial culture

For growth of M.tb in broth, Middlebrook 7H9 was supplemented with 0.5% glycerol, 10% OADC, and 0.05% Tween 80 (henceforth ‘complete 7H9’). Cultures were grown at 37°C with shaking at 180–200 rpm. Growth curves were conducted by seeding from mid-log phase cultures to the equivalent of starting OD600 0.006 in 10 mL. For growth of M.tb on solid agar, Middlebrook 7H11 was supplemented with 0.5% glycerol and 10% OADC. Plates were grown at 37°C for 3 weeks. Selection was achieved using 25 ug/mL kanamycin and/or 50 ug/mL hygromycin as needed.

For plasmid cloning, Escherichia coli strain DH5α was grown in LB broth or on LB agar at 37°C. Selection was achieved using 100 ug/mL carbenicillin or 50 ug/mL kanamycin as needed.



M.tb transposon mutants

The M.tb transposon mutants used in this study were generated as part of previous work in which single transposon mutants were picked from individual colonies and sequenced (Lamichhane et al., 2003; Lamichhane et al., 2005). Each transposon mutant strain contains a single integration event of the Himar1 transposon, which inserts into TA dinucleotides (Lampe et al., 1996) across diverse organisms, including mycobacteria (Rubin et al., 1999). The Himar1 sequence acts as a well-defined mark for the site of insertion and contains a kanamycin resistance cassette to facilitate selection. Because the original work that developed these mutants used an M.tb CDC1551 background (Lamichhane et al., 2003; Lamichhane et al., 2005), we likewise selected M.tb CDC1551 (henceforth, ‘WT’) as our WT comparison. We were able to obtain 87 M.tb transposon mutant strains annotated as each having a transposon insertion in a distinct PE/PPE gene. If multiple transposon mutants were cataloged for a particular gene, we opted to use the strain with the most N-terminal insertion. For example, the PPE71::Tn strain (henceforth ‘71::Tn’) his its point of insertion at nucleotide 52 of 1,155 in the PPE71 gene (MT2422). Additional details regarding the mutant strains can be provided upon request.

To generate the transposon mutant pool for mouse infection, 100 uL of each frozen stock was seeded separately into an individual 10 mL culture under kanamycin selection. Individual strains were frozen from each primary culture at OD 0.6 as they resuscitated; initial resuscitation time varied from 1 to 4 weeks. Subsequently, 50 uL of each individual secondary stock was then thawed into a fresh 4 mL culture. Compared to the initial resuscitation, growth of the secondary cultures was highly similar. Cultures were normalized to OD 0.5 by dilution, then 200 uL of each culture was pooled together, and 10 mL of this pool was used for mouse infection as described below.



M.tb strain construction

To construct the PPE71 complement, plasmid pMH94-hyg (Lee et al., 1991) was digested with XbaI. A fragment including the PPE71 gene and its native promoter and UTRs was amplified from M.tb CDC1551 genomic DNA using PPE71_24f/r. This fragment was incorporated into the linearized plasmid by Gibson assembly to produce pMH94-hyg-PPE71. Sequences were verified using pMH94_Fseq/Rseq, and pMH94-hyg-PPE71 was transformed into the 71::Tn strain by electroporation.

To construct the PPE71 overexpressor, plasmid pSD5 (DasGupta et al., 1998) was digested with NdeI and MluI. A fragment including the PPE71 gene with minimal flanking sequences was amplified M.tb CDC1551 genomic DNA using PPE71_pSD5_f/r. This fragment was incorporated into the linearized plasmid by Gibson assembly to produce pSD5-71OE. Sequences were verified using pSD5_insert_FWD/REV, and pSD5-71OE was transformed into the WT strain by electroporation.

Electroporation of plasmid DNA into M.tb and extraction of M.tb DNA have been described previously (Larsen et al., 2007). Supplementary Tables S2, S3 summarize plasmids and oligonucleotides used in this work, respectively.



RNA isolation and qRT-PCR

Isolation of total RNA from M.tb was performed as described previously (Bullen et al., 2023). Briefly, M.tb strains grown in 10 mL cultures to mid-log OD were pelleted, and pellets were resuspended in 1 mL TRIzol (Thermo). Bacteria were lysed by bead beating in a Precellys Evolution homogenizer for 3 cycles of 7,400 bpm for 30 s and kept on ice for 1 min between cycles. To each soluble fraction, 200 uL of chloroform was added, and the aqueous phase was obtained by phenol-chloroform extraction. RNA samples were purified using an RNeasy kit (Qiagen), per manufacturer’s instructions, using two incubations with DNase I (Qiagen) to remove residual bacterial chromosomal DNA. RNA concentration and purity was measured by 260/280 ratio on a NanoDrop spectrophotometer (Thermo).

M.tb RNA was converted to complementary DNA (cDNA) using qScript cDNA SuperMix (Quantabio), per manufacturer instructions. Real-time quantitative PCR (qRT-PCR) was performed using iTaq Universal SYBR Green Supermix (Bio-Rad), per manufacturer instructions, on a QuantStudio 3 Real-Time PCR System (Applied Biosystems) using a ∆∆Ct method. M.tb 16S rRNA was used as an internal normalization control for all transcripts. Sequences for primer pairs to amplify the PPE71 transposon junction (PPE71_q_T1F/R), the 3’ UTR of PPE71 (PPE71UTR_qF/R), the esxX gene (EsxX_qF/R), the 3’ UTR of PPE38 (PPE38UTR_qF/R), and 16S rRNA (16S_q_F/R) are provided in Supplementary Table S3.



Macrophage infection

To examine the behavior of the PPE71 variant strains in macrophages across various timepoints, we used the J774 mouse macrophage-like cell line. J774 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco). For infection, 0.2 million J774 cells per well in 24-well plates were infected with WT, 71::Tn, and 71comp strains at an MOI of 5 (1 million bacteria per well). Bacteria were allowed to infect the cells for 4 h, after which the cells were incubated with 100 ug/mL gentamicin for 1 h to kill remaining extracellular bacteria. Cells were washed into fresh medium, and 3 wells infected with each strain were harvested for the Day 0 timepoint by removing the culture media and applying 500 uL of 0.025% SDS in PBS for 10 min at room temperature. Bacterial CFUs were enumerated by preparing 10-fold dilutions into PBS and spreading these onto 7H11 plates. Cells were harvested at Day 1, Day 3, and Day 5 timepoints analogously. Culture medium was changed at Day 1 and Day 3 for surviving timepoints. Bacterial CFUs were counted after 3 weeks of incubation at 37°C.

To study the behavior of a variety of PE/PPE gene mutants in macrophages, we used mouse bone marrow-derived macrophages (BMDMs). Briefly, 5 female C57BL/6 J mice (#000664) were purchased from The Jackson Laboratory. Mice were humanely euthanized, and bone marrow was harvested from the femur and tibia bones. Marrow was filtered through a 70 um filter, and cells were washed into Roswell Park Memorial Institute 1,640 (RPMI 1640) medium containing GlutaMAX supplement (Gibco) supplemented with 10% FBS and 10% filtered supernatant from L929 feeder cells. Cells were washed into fresh medium after 4 days, then once again after another 3 days. One day prior to infection, mouse interferon gamma was added at a final concentration of 100 ng/uL to prime the BMDMs. For infection, 0.5 million BMDMs per well in 24-well plates were individually infected with 22 transposon mutant strains (see Supplementary Figure S2) and WT M.tb at an MOI of 2 (1 million bacteria per well). Following infection, cells were treated with gentamicin and washed as described above. At Day 0 and Day 2 timepoints, 2 wells infected with each strain were harvested using SDS and plated onto 7H11 as described above.



Mouse infection and endpoints

For each animal study, 8-week-old female BALB/cJ mice (#000651) were purchased from The Jackson Laboratory. Mice were housed within an animal biosafety level 3 facility and provided ad libitum rodent chow and clean water. The facility was maintained on alternating 12-h light/dark cycles. Mice were infected by aerosol route using a Glas-Col Inhalation Exposure System.

For the pooled transposon mutant study, the live pool of M.tb mutants described above was implanted to yield an inoculum of approximately 1,500 CFUs per animal. A total of 10 mice each were sacrificed on Day 1, Week 1, and Week 3 post-infection. Combined left and right lungs were homogenized using Dounce homogenizers, and the total homogenate was distributed across 5, 10, or 20 7H11 plates for the Day 1, Week 1, and Week 3 timepoints, respectively. Plates were allowed to incubate for 3 weeks at 37°C, at which point bacterial genomic DNA was harvested from 5,000–10,000 colonies and used to prepare Tn-seq libraries, described below.

For the individual PPE71 strain study, M.tb WT, 71::Tn, 71comp, and 71OE were individually infected into mice from frozen stocks to yield inocula of approximately 200 CFUs per animal. At Day 1, 3–4 animals per group were sacrificed to measure inocula by plating homogenate from the combined left and right lungs. At Week 4 and Week 8, 5 animals per group were sacrificed. Right lungs were homogenized using Dounce homogenizers and applied to 7H11 plates as a 10-fold dilution series. Plates were allowed to incubate for 3 weeks at 37°C, then bacterial CFUs were counted. Left lungs were fixed in 10% neutral-buffered formalin (NBF) for 2 days followed by incubation for 1 day in PBS. Fixed lungs were embedded, sectioned at 4 um, stained with hematoxylin and eosin (H&E), and imaged by brightfield microscopy. H&E images were manually processed in ImageJ to identify the proportion of each lung area occupied by lesions. For the survival study, 10 animals in each group were housed until reaching a natural death endpoint, consistent with our animal use protocol. Body weights were measured weekly for half of the animals (5 per group) until the first endpoint was noted.



Tn-seq

To obtain genomic DNA for transposon sequencing (Tn-seq), M.tb colonies were scraped from 7H11 plates into a solution of 50 mM glucose, 25 mM Tris–HCl (pH 8.0), and 10 mM EDTA, as described in Larsen et al. (2007). All plates associated with a particular animal were pooled together, yielding 30 total samples (10 animals per each of 3 timepoints). To 10 mL of bacterial suspension, 500 uL of 10 mg/mL lysozyme was added, and samples were incubated at 37°C overnight. Genomic DNA extraction was performed as previously described (Larsen et al., 2007). DNA concentration and purity was measured by 260/280 ratio on a NanoDrop spectrophotometer (Thermo). To achieve fragments around 500 bp, 5 ug of DNA from each sample was sheared using a Qsonica Q125 sonicator on ice using the following settings: 10 min ON time, 60% amplitude, 10 s ON/10 s OFF.

To prepare libraries for next-generation sequencing, we adapted a previously described protocol for M.tb Tn-seq (Long et al., 2015). Briefly, sheared DNA was treated with an End-It DNA End-Repair kit (Lucigen) then A-tailed using dATP and Taq polymerase (New England Biolabs). Adapter_constant and Adapter_variable oligonucleotides were mixed at equimolar ratio and annealed in a thermocycler by slow ramp down from 95°C. Annealed adapters were ligated to each DNA prep using T4 DNA ligase (New England Biolabs). Transposon junctions were PCR amplified in a two-step process. For the first step, the Short_adapter/Short_transposon primer pair was used to perform four independent PCR reactions per sample, which were then pooled. Next, a hemi-nested PCR was performed using a mixture of four constant primers against the transposon (HN_transposon_1–4) and a mixture of four primers with a unique library-specific barcode (HN_barcode_XX-1–4, in which the ‘X’ positions represent one of 30 barcodes).

Libraries were pooled by equal mass into a single multiplexed pool. The pool was sequenced at a depth of 300 million 150 bp paired-end reads (approximately 10 million reads per sample) on an Illumina NovaSeq 6,000 using a NovaSeq SP flow cell (300 cycles). Adapter sequences were trimmed, and reads were bucketed by library barcode. To quantitatively map the sequencing data to the M.tb genome, the TRANSIT tool and the accompanying TRANSIT pre-processor (TPP) developed for analysis of Himar1 Tn-seq data were used (DeJesus et al., 2015). TRANSIT outputted a list of counts at each TA site in the target genome; we then manually identified these locations in the M.tb genome to assign genes to the respective sites. Raw read counts were normalized to total reads for each animal.

Two libraries were ultimately excluded for logistical reasons. The 7H11 plates from mouse #8 (Day 1) were lost due to contamination with a non-M.tb organism, and so the genomic DNA obtained was poor quality. The sequencing of library #15 (Week 1) produced very few (<1,000) reads that could be assigned to a TA site, so it was omitted from further analysis.

Sequences of adapters and primers are provided in Supplementary Table S3. Barcode sequences, which replace the ‘X’ bases in the HN_barcode_XX primers, are provided in Supplementary Table S4. Barcode sequences 1–8 were adapted from prior work (Long et al., 2015), while the remaining barcode sequences were generated using the DNABarcodes package in BioConductor (Buschmann and Bystrykh, 2013) to generate a list of 8-mer nucleotide sequences resistant to indels and up to one miscode.



Statistical analysis

Statistical analysis was performed in GraphPad Prism Version 10. Groups were analyzed for significant findings using one-way analysis of variance (ANOVA) tests followed by Tukey’s test for multiple comparisons. For survival analysis, a Mantel-Cox log-rank test was used to assess significance. Error bars in all figures represent mean ± standard deviation. All raw points are shown, and no points were omitted. All data points represent distinct samples; samples were not measured repeatedly. R2 values are provided for all linear regressions. In all cases, p < 0.05 or a more stringent threshold was used for statistical significance.



Ethics statement

Experimental procedures were conducted in accordance with protocol #MO22M466 (formerly #MO20M20), approved by the Institutional Animal Care and Use Committee (IACUC) of Johns Hopkins University. Animal procedures were designed to eliminate or minimize animal distress and pathology.




Results


An in vivo Tn-seq design for studying M.tb PE/PPE gene mutants

The M.tb genome contains 97 PE genes and 71 PPE genes for a total of 168 PE/PPE genes (Cole et al., 1998). From a previously described collection of M.tb CDC1551 single gene Himar1 transposon mutants (Lamichhane et al., 2003; Lamichhane et al., 2005), we resuscitated 87 strains, each annotated as having a transposon insertion in a unique PE/PPE gene. We grew these strains as separate cultures in vitro, normalized them by optical density at 600 nm (OD600), and pooled them together for aerosol infection into BALB/c mice. We selected Day 1, Week 1, and Week 3 as experimental endpoints to allow the mice to be sacrificed at multiple timepoints before becoming moribund from the high bacterial burden (~1,500 CFUs). We extracted bacterial genomic DNA from each sample to analyze by Tn-seq as described in Long et al. (2015) and analyzed this data using TRANSIT software (DeJesus et al., 2015), a tool for identifying the frequency of Himar1 insertions at each site in a genome (Figure 1A).
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FIGURE 1
 The PE/PPE families have a high abundance of genes required for virulence. (A) Design for high-dose pooled aerosol infection of M.tb transposon mutants into BALB/c mice. Animals were sacrificed on Day 1, Week 1, and Week 3 as experimental timepoints (n = 9–10 each). Lung homogenates were plated on 7H11 to culture M.tb, then genomic DNA was extracted from the bacteria was subjected to transposon sequencing. (B–D) Volcano plots depicting fold change in the population prevalence of each strain over time. Comparisons are shown for Week 1 vs. Day 1 (B), Week 3 vs. Day 1 (C), and Week 3 vs. Week 1 (D). Indicated thresholds are ± 0.5 log2 (fold-change) (vertical lines) and q < 0.01 (horizontal line). Transposon mutants in PE19, PPE51, and PPE68, which are ‘positive controls’ known to promote M.tb virulence, are indicated in blue, while the mutant in PPE71 is indicated in red. (E) Correlation plot comparing the proportional abundance of each bacterial strain at Week 3 and Week 1 timepoints (each normalized to Day 1 abundance by log2 (fold-change)). The strong positive correlation suggests consistent behavior of the mutants over time. (F,G) Log2 (fold-change) values for each PE/PPE gene mutant strain at Week 1 (F) and Week 3 (G), each versus Day 1. Note that lipY is a PE-family gene, while wag22 is a PE_PGRS-family gene.


Comparing the relative abundance of each strain as measured by unique reads of its transposon junction, we identified mutants with increasing, decreasing, and relatively constant population prevalence over time (Supplementary Table S1). Analysis of Day 1 strain abundance showed that all 87 strains were successfully delivered to the lungs in relatively similar numbers (Supplementary Figure S1). Since we were chiefly interested in PE/PPE genes that promote virulence, we focused on mutants that decreased in percent abundance with longer in vivo incubation. Among these, we identified several genes with known functions or roles relevant to host infection, including PE19 (Bottai et al., 2012; Ramakrishnan et al., 2015), PPE51 (Wang et al., 2020), and PPE68 (Demangel et al., 2004) (Figures 1B–D, blue). Intriguingly, we found that the PPE71 mutant had similar behavior to these known genes at each timepoint (Figures 1B–D, red). As such, we selected this PPE71 transposon mutant (henceforth ‘71::Tn’) for subsequent validation using individual strain infections.

The composition of the PE/PPE mutant pool shows directional changes over time in vivo.

To more comprehensively examine the behavior of the PE/PPE mutant pool in vivo, we compared the proportion of each individual strain at each timepoint. We detected a strong positive correlation (R2 = 0.81) between the abundance of each mutant strain at Week 1 and abundance at Week 3 when normalized to initial abundance at Day 1 (Figure 1E). While the mutant strains showed a range of behaviors between Day 1 and Week 1, including expansion, contraction, or a lack of change, the strains tended to maintain similar behavior between Week 1 and Week 3. For example, we found that strains that decreased in population prevalence at Week 1 tended to decrease further by Week 3 (Figures 1F,G). Relatedly, the overall prevalences of the strains when viewed together was most similar at Week 1 and Week 3 compared to Day 1, which was visibly different (Supplementary Figure S1). Collectively, these patterns suggest a period of rapid change in the composition of the pool between Day 1 and Week 1, followed by a continued elaboration of these same changes in the interval from Week 1 to Week 3. Hence, these changes appear to be directional rather than the result of random noise.



PPE71 transposon mutant, complemented, and overexpressor strains show no differences from WT M.tb in vitro or in macrophages

To further study the PPE71 transposon strain, we generated a PPE71 complemented strain (henceforth ‘71comp’) in the 71::Tn background and a PPE71 overexpression strain (henceforth ‘71OE’) in the WT CDC1551 background. We evaluated the expression of PPE71 in these strains using a series of qRT-PCR primers spanning the PPE71 gene locus (Figure 2A). The PPE71 locus contains a second downstream PPE gene, PPE38, which is identical to PPE71 except for an additional 7 amino acids (GGAGAGM) in its highly GC-rich C-terminus (McEvoy et al., 2009). Hence, while we could demonstrate a > 1,000-fold increase in PPE71 mRNA in the 71OE strain compared to WT, our primer pairs directed against PPE71 transcripts failed to show a loss of PPE71 in the 71: Tn strain due to the intact copy of PPE38 (Figure 2B). However, priming against the unique 3′ untranslated region (UTR) of PPE71 demonstrated that the 71comp strain successfully re-introduced PPE71 expression (Figure 2C). The PPE71 overexpression construct does not include the native 3’ UTR and thus did not show increased amplification with these primers. Interestingly, we did not detect any difference in expression of the PPE71 3’ UTR or downstream esxX gene in the 71::Tn mutant, suggesting that transcription of the remainder of the PPE71 locus remained intact despite the insertion of over 1 kb of transposed DNA into the PPE71 gene (Figures 2C,D). As an internal control, we used the PPE38 transposon mutant (‘38::Tn’), which behaved similarly to WT except for a prominent decrease in the unique 3’ UTR of PPE38, consistent with a transposon insertion in the C-terminus of PPE38 (Figure 2E). In sum, the PPE71 complementation and overexpression constructs increased PPE71 expression as expected.
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FIGURE 2
 PPE71 variant strains display no growth differences in vitro or in macrophages. (A) Schematic of the PPE71–38 locus, including the location of the transposon insertions in the PPE71 gene in the 71::Tn strain (pink) and in the PPE38 gene in the 38::Tn strain (red). Also indicated are the locations of the qRT-PCR primer amplicons, which span the PPE71 transposon junction (71jxn), the 3′ untranslated region (UTR) of PPE71 (71UTR), the esxX-Y genes (esxX), and the 3’ UTR of PPE38 (38UTR). Notably, the 71jxn primers bind to the same location in both the PPE71 and the PPE38 genes. (B–E) Relative transcriptional expression by qRT-PCR of the 71jxn (B), 71UTR (C), EsxX (D) and 38UTR (E) regions of the PPE7–38 locus, normalized to the median of the WT strain. Transcript levels were normalized to the expression of 16S rRNA. All significant comparisons by one-way ANOVA are shown. RQ: relative quantification (n = 3, *: p < 0.05; **: p < 0.01). (F) Growth curves of M.tb WT, 71::Tn, 71comp, and 71OE strains in complete 7H9 broth. OD600: optical density at 600 nm. (G) M.tb WT, 71::Tn, and 71comp strains were used to infect J774 cells at an MOI of 5. Cells were harvested at 0, 1, 3, and 5 days to measure M.tb CFUs. (n = 3 each).


During cultivation of the 87 PE/PPE transposon mutant strains, we seeded each strain at OD600 0.006 into individual cultures and allowed them to grow for 9 days. On the day of infection, the strains ranged OD600 between 0.6 and 1.5, suggesting approximately similar growth and agreeing with previous reports about the general non-essentiality of these genes in vitro (Sassetti et al., 2003; DeJesus et al., 2017). Analogously, the 71::Tn, 71comp, and 71OE strains each displayed similar growth kinetics to WT M.tb in complete 7H9 broth (Figure 2F). Next, we infected WT, 71::Tn, and 71comp strains into the J774 mouse macrophage-like cell line and assessed bacterial CFUs at 0, 1, 3, and 5 days post-infection. We found no differences in CFU counts over time between these strains in this cellular infection model (Figure 2G). Hence, the large decrease in the 71::Tn mutant by Week 1 in the pooled mouse infection was not recapitulated in vitro or in a macrophage infection model.



Behavior of PE/PPE mutants in a macrophage infection model is broadly inconsistent with in vivo behavior

Initially, we had anticipated that macrophage infection would be a reasonable predictor of PE/PPE transposon mutant behavior in vivo, as infection of alveolar macrophages is a vital early step in the M.tb life cycle (Ramakrishnan, 2012; Flynn et al., 2011). We were thus surprised that the 71::Tn mutant did not demonstrate the same attenuation in a J774 infection model as it had shown in vivo. To assess whether this inconsistency was unique to the 71::Tn mutant, we performed a high-throughput infection of 22 PE/PPE transposon mutants, including 71::Tn, alongside WT M.tb in bone marrow-derived macrophages (BMDMs) from C57BL/6 mice. All 22 transposon mutant strains that we selected had shown decreasing population prevalence over time in the initial pooled infection. However, at Day 2 post-infection in BMDMs, these strains exhibited a diverse range of behaviors compared to their Day 0 counts (Supplementary Figures S2A,B). While some transposon mutants, such as PE19, showed a decrease akin to their behavior in the pooled infection, others such as PPE68 remained constant or grew slightly in the BMDMs. Taken together, there was no correlation between the kinetics of these strains in BMDMs and their behavior in vivo at either Week 1 (R2 = 0.003) or Week 3 (R2 = 0.029) timepoints in mice (Supplementary Figures S2C,D). This inconsistency suggests that each model may be eliciting different properties of the M.tb mutants.



M.tb PPE71::Tn is attenuated in mice

To validate the findings of our in vivo screen, we individually infected M.tb WT, 71::Tn, 71comp, and 71OE strains into BALB/c mice by aerosol route. We used a dose of around 200 CFUs per animal to allow us to examine the later timepoints of Week 4 and Week 8 (Figure 3A). We found no significant differences in Day 1 lung CFUs for the latter three strains, although the WT M.tb group received a moderately higher inoculum (Supplementary Figure S3A). We observed reduced lung CFUs in the 71::Tn strain compared to the WT and 71OE strains, particularly at the Week 8 timepoint, at which 71::Tn exhibited a 5.5-fold decrease compared to WT (Figures 3B,C). The 71comp strain appeared partially attenuated at Week 4 and showed little difference from the 71::Tn strain at Week 8.
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FIGURE 3
 Single strain infections recapitulate attenuation of the PPE71::Tn mutant strain. (A) Design for medium-dose single strain aerosol infection of M.tb strains into BALB/c mice. Animals were sacrificed on Day 1 to measure inocula, then on Week 4 and Week 8 as experimental timepoints. (B,C) Lung CFUs for Week 4 (B) and Week 8 (C) timepoints. All significant comparisons by one-way ANOVA are shown (n = 5, *: p < 0.05; **: p < 0.01). (D,E) Percent of the lung area occupied by lesions at Week 4 (D) and Week 8 (E) post-infection, as quantified using ImageJ from H&E-stained histology images. All significant comparisons by one-way ANOVA are shown (n = 5, *: p < 0.05). (F) Kaplan–Meier survival curves for BALB/c mice infected with the indicated M.tb strains (~200 CFUs/animal; aerosol) (n = 9–10 each, **: p < 0.01, ****: p < 0.0001 by Mantel-Cox log-rank test).


To assess lung immunopathology, we subjected fixed lungs to staining with hematoxylin and eosin (H&E) and quantified the percent area of each lung occupied by inflammatory lesions. Using this method, we found significantly reduced inflammation in the 71::Tn strain group at Week 4, though this trend had lessened to non-significance by Week 8 (Figures 3D,E). Instead, at Week 8, the 71comp strain group had significantly lower inflammation than the WT, suggesting that complementation did not restore the transposon mutant strain to WT-like virulence (Figure 3E). Overall, the lungs from mice infected with the 71::Tn and 71comp strains appeared to have less inflammation than the lungs from mice infected with 71OE or WT (Supplementary Figure S4). We did not find any difference between the 71OE and WT strains in terms of lung lesion area at either the Week 4 or Week 8 timepoints.

As part of this same infection study, we reserved 10 animals from each group for a survival study. We observed no statistical difference in survival between the WT (median survival 417 days) and 71OE (median survival 374 days) groups. Mice from the 71::Tn (median survival 518 days) and the 71comp (median survival >570 days) survived for significantly longer than the WT group (Figure 3F). Indeed, 7 out of 10 mice in the WT group and all 10 mice in the 71OE group reached survival endpoints before a single animal in either of the 71::Tn and 71comp groups. A similar effect was observable in the animal body weights, which began to decline around week 25 (day 175) in the WT and 71OE groups but remained constant in the 71: Tn and 71comp strains through week 38 (day 266), at which point the first animal reached an endpoint and body weight tracking was discontinued (Supplementary Figure S3B). Hence, the 71: Tn strain was attenuated in bacterial burden, pathology, and mortality studies.




Discussion

The PE/PPE genes of M.tb remain understudied even though several members are known to promote M.tb virulence. Here, we adapted a Tn-seq design for use in vivo to identify PE/PPE genes that are required for M.tb growth during lung infection. We observed consistent changes in the composition of our 87-strain pool between animal replicates and across successive timepoints, suggesting that we were able to reliably elucidate the differential virulence of these strains. We selected the PPE71 transposon mutant strain, which decreased in prevalence in the pooled experiment, for further study using an individual mutant infection design. Mice infected with the 71::Tn strain had reduced lung bacterial burden, decreased lung inflammation, and a longer median survival than mice infected with WT M.tb. The behavior of the 71::Tn strain in individual infection was consistent with its decrease in population prevalence in the pooled infection. Thus, our in vivo Tn-seq screen successfully predicted the attenuation of an uncharacterized M.tb transposon mutant.

Pooled studies of genetically diverse pathogens come with the inherent challenge of minimizing founder effects, in which a small non-representative subpopulation may overwhelm the remaining diversity of the pool (Meyr, 1942). For this reason, we opted to individually grow each transposon mutant strain and pool these fresh cultures immediately prior to infection rather than either growing the pooled strains together or infecting from frozen stocks, each of which may introduce bias. Additionally, we chose to infect with a high CFU dose to maximize the number of bacteria representing each individual strain. From our prior experience, 1,500 CFUs (15–20 bacteria per mutant strain) was the approximate maximum dose that could be reproducibly achieved with our nebulization setup. Of note, the mouse lung contains on the order of 106 alveoli (Knust et al., 2009), so the chance that any two bacilli of different strains would co-infect the same compartment was minimal. Thus, we reasoned that direct cross-complementation of different mutants was unlikely. We were able to detect each strain in each animal across all three timepoints, suggesting that the initial diversity of the pool was maintained throughout the experiment. Also, we observed consistent behavior of the strains across the animal replicates for any given timepoint, which gave us confidence that the changes we observed were meaningful rather than stochastic. While we have mainly focused on mutant strains with decreasing population prevalence, we note as well that several mutants increased in prevalence over time. In particular, a high proportion of PE_PGRS family gene mutants fall into this category. It is possible that mutations in these genes have a less attenuating effect or even a virulence promoting effect compared to mutations in other PE/PPE genes. Given the high frequency of mutations in select PE_PGRS family genes among M.tb clinical isolates (Copin et al., 2014; Talarico et al., 2005; Talarico et al., 2008), this property may merit further investigation.

To supplement our in vivo screen, we individually infected a subset of 22 PE/PPE gene mutants into mouse BMDMs with the goal of rapidly identifying promising candidate mutants for further study. Surprisingly, we observed no correlation between the in vivo results and the behavior in this macrophage infection. Indeed, several of the mutants with the most dramatic decreases during animal infection, such as PPE51 and PPE68, demonstrated a slight growth in macrophages. This discrepancy may be explained by the comparative simplicity of the macrophage system, which lacks the other cell types and surrounding tissue architecture found in the lung (McCaffrey et al., 2022). The macrophage environment may thereby permit a greater range of M.tb genomic mutations than would be tolerable in the more stringent host environment. Additionally, this lack of correlation between the two experiments may reflect intrinsic differences in M.tb control by macrophage lineage, as different populations of mouse macrophages are known to display disparate M.tb control (Huang et al., 2018), and ex vivo BMDMs show underlying metabolic differences compared to alveolar macrophages (Vigeland et al., 2025). We acknowledge the use of two different macrophage types, mouse BMDMs and J774 cells, respectively used in our 22-mutant screen and in our PPE71 validation experiments, though we believe these cell types provide similar results. Notably, the culture conditions of the M.tb mutant strains prior to infection and following macrophage lysis or lung homogenization were identical across both experiments, so we do not believe that the differential behavior reflects differences in in vitro growth. Overall, the in vivo findings likely better represent the true effects of these mutations on pathogenesis, as mutants in PPE51 (Wang et al., 2020) and especially PPE68 (Demangel et al., 2004) would be expected to be attenuated based on the functions of these proteins in nutrient uptake and phagosome disruption, respectively.

While analyzing the Tn-seq data, we noted irregularities in the several of the transposon mutant strains. Principally, 19 of the 87 strains (22%) had their transposon insertions in genomic regions other than PE/PPE genes, as annotated by TRANSIT software (DeJesus et al., 2015). Based on our analysis, we believe that each of these strains has a single transposon insertion but that this insertion is not in the PE/PPE gene under which the mutant was catalogued. These strains were included in the initial analysis, although we did not pursue any of them for further study, as we were mainly interested in PE/PPE genes. Since these are true transposon mutants, their phenotypes may still be of interest in studies of the relevant genes. In several of these cases, we were able to identify partial matches that resembled PE/PPE gene sequences; however, when we manually examined our raw sequencing data, we consistently agreed with the non-PE/PPE annotations output by TRANSIT. We have detailed these ‘partial matches’ in Supplementary Table S1. All partial matches were to PE_PGRS or PPE-MPTR proteins, two subfamilies that contain large domains of repetitive sequences (Cole et al., 1998; Gey van Pittius et al., 2006). These genomic repeats are challenging to sequence and differentiate from one another (Ates, 2020), which may explain why these strains appear to have been historically mis-annotated.

We found that restoring PPE71 under its native promoter was only partially able to complement the 71::Tn mutant strain. While it is possible that this reflects a polar effect (i.e., transposon insertion into PPE71 may have disrupted the downstream genes in the locus) or a consequence of incomplete gene deletion, we found that the remaining genes in the PPE71 locus were transcribed at WT levels. Another possibility is the presence of one or more bystander mutations in the 71::Tn strain that could be driving attenuation. Disruption of the PPE71 locus in M.tb has previously been shown to cause hypervirulence (Ates et al., 2018a; Koleske et al., 2025), the opposite phenomenon to what we observe with this transposon mutant strain. Hence, we cannot rule out a PPE71-independent mechanism to explain the attenuation of the 71::Tn strain. For addition information regarding the growth of PPE71 variant strains in vitro, we direct the reader to the excellent prior work examining this gene locus in M.tb (Ates et al., 2018a), which has found no in vitro growth defect of a PPE71 deletion strain through Day 28. We have also examined an unmarked deletion of the PPE71 locus using similar complementation and overexpression constructs in other work (Koleske et al., 2025), in which we observed no growth defect of PPE71 deletion or complement strains in vitro and a slight growth defect of the PPE71 overexpressor strain at Day 9. Indeed, the risk of polar effects influenced our choice of candidate for further study: we considered only PE/PPE genes that are co-operonic with exclusively other ESX-5 substrates or comprise single-gene operons. This most notably caused us to exclude PPE1, which is the first gene in a six-gene operon involved in metallophore synthesis, due to the possibility that polar loss of the downstream enzymes would represent the true source of that mutant’s strongly attenuated phenotype (Mehdiratta et al., 2022).

In sum, we present a pooled screen of M.tb PE/PPE gene transposon mutants infected by aerosol route into mouse lungs. We find that 27 of 87 (31%) mutants were defective for growth in mouse lungs (Day 1 vs. Week 3). Previous studies using high-density M.tb transposon libraries have shown that around 600–700 of the 3,924 protein-coding genes (15–18%) are required for survival in mice (Sassetti et al., 2003; DeJesus et al., 2017). Thus, our findings indicate that the PE/PPE protein family may be enriched in virulence genes relative to the whole M.tb genome. We also note the inability of an in vitro model or a macrophage infection model to properly identify PE/PPE gene mutants that are attenuated in mice. Hence, we demonstrate the advantages of conducting a screen for M.tb virulence factor mutants in vivo, which can be facilitated using marked mutants such as transposon insertion strains. We find high variability in the behavior of different PE/PPE gene mutants in vivo, indicating that the diverse members of these families likely exhibit a range of different contributions to M.tb virulence. Future studies of PE/PPE proteins may prioritize candidates based on the in vivo behavior we find here.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found here: https://www.ncbi.nlm.nih.gov/, PRJNA1256389.



Ethics statement

The animal study was approved by Institutional Animal Care and Use Committee (IACUC), Johns Hopkins University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

BK: Conceptualization, Writing – original draft, Methodology, Investigation, Writing – review & editing. JS: Writing – review & editing, Investigation. MG: Methodology, Writing – review & editing. WB: Methodology, Investigation, Supervision, Conceptualization, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The authors gratefully acknowledge the support of NIH grants R01AI152688, R01AI155602, and R37AI167750.



Acknowledgments

We thank the members of the Experimental and Computational Genomics Core at Johns Hopkins for conducting the next-generation sequencing.



Conflict of interest

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



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1634229/full#supplementary-material



References

 Abdallah, A. M., Verboom, T., Weerdenburg, E. M., Gey van Pittius, N. C., Mahasha, P. W., Jiménez, C., et al. (2009). PPE and PE_PGRS proteins of Mycobacterium marinum are transported via the type VII secretion system ESX-5. Mol. Microbiol. 73, 329–340. doi: 10.1111/j.1365-2958.2009.06783.x

 Ates, L. S. (2020). New insights into the mycobacterial PE and PPE proteins provide a framework for future research. Mol. Microbiol. 113, 4–21. doi: 10.1111/mmi.14409 

 Ates, L. S., Dippenaar, A., Ummels, R., Piersma, S. R., van der Woude, A. D., van der Kuij, K., et al. (2018a). Mutations in ppe38 block PE_PGRS secretion and increase virulence of Mycobacterium tuberculosis. Nat. Microbiol. 3, 181–188. doi: 10.1038/s41564-017-0090-6 

 Ates, L. S., Sayes, F., Frigui, W., Ummels, R., Damen, M. P. M., Bottai, D., et al. (2018b). RD5-mediated lack of PE_PGRS and PPE-MPTR export in BCG vaccine strains results in strong reduction of antigenic repertoire but little impact on protection. PLoS Pathog. 14:e1007139. doi: 10.1371/journal.ppat.1007139 

 Ates, L. S., Ummels, R., Commandeur, S., van de Weerd, R., Sparrius, M., Weerdenburg, E., et al. (2015). Essential role of the ESX-5 secretion system in outer membrane permeability of pathogenic mycobacteria. PLoS Genet. 11:e1005190. doi: 10.1371/journal.pgen.1005190 

 Banu, S., Honoré, N., Saint-Joanis, B., Philpott, D., Prévost, M. C., and Cole, S. T. (2002). Are the PE-PGRS proteins of Mycobacterium tuberculosis variable surface antigens? Mol. Microbiol. 44, 9–19. doi: 10.1046/j.1365-2958.2002.02813.x 

 Boradia, V., Frando, A., and Grundner, C. (2022). The Mycobacterium tuberculosis PE15/PPE20 complex transports calcium across the outer membrane. PLoS Biol. 20:e3001906. doi: 10.1371/journal.pbio.3001906 

 Bottai, D., Di Luca, M., Majlessi, L., Frigui, W., Simeone, R., Sayes, F., et al. (2012). Disruption of the ESX-5 system of Mycobacterium tuberculosis causes loss of PPE protein secretion, reduction of cell wall integrity and strong attenuation. Mol. Microbiol. 83, 1195–1209. doi: 10.1111/j.1365-2958.2012.08001.x 

 Bullen, C. K., Singh, A. K., Krug, S., Lun, S., Thakur, P., Srikrishna, G., et al. (2023). MDA5 RNA-sensing pathway activation by Mycobacterium tuberculosis promotes innate immune subversion and pathogen survival. JCI Insight. 8:e166242. doi: 10.1172/jci.insight.166242 

 Buschmann, T., and Bystrykh, L. V. (2013). Levenshtein error-correcting barcodes for multiplexed DNA sequencing. BMC Bioinform. 14:272. doi: 10.1186/1471-2105-14-272 

 Cambier, C. J., Takaki, K. K., Larson, R. P., Hernandez, R. E., Tobin, D. M., Urdahl, K. B., et al. (2014). Mycobacteria manipulate macrophage recruitment through coordinated use of membrane lipids. Nature 505, 218–222. doi: 10.1038/nature12799 

 Carroll, K. C., and Adams, L. L. (2016). Lower respiratory tract infections. Microbiol. Spectr. 4. doi: 10.1128/microbiolspec.DMIH2-0029-2016 

 Clemens, D. L., and Horwitz, M. A. (1995). Characterization of the Mycobacterium tuberculosis phagosome and evidence that phagosomal maturation is inhibited. J. Exp. Med. 181, 257–270. doi: 10.1084/jem.181.1.257 

 Cole, S. T., Brosch, R., Parkhill, J., Garnier, T., Churcher, C., Harris, D., et al. (1998). Deciphering the biology of Mycobacterium tuberculosis from the complete genome sequence. Nature 393, 537–544. doi: 10.1038/31159 

 Copin, R., Coscollá, M., Seiffert, S. N., Bothamley, G., Sutherland, J., Mbayo, G., et al. (2014). Sequence diversity in the pe_pgrs genes of Mycobacterium tuberculosis is independent of human T cell recognition. MBio 5, e00960–e00913. doi: 10.1128/mBio.00960-13

 DasGupta, S. K., Jain, S., Kaushal, D., and Tyagi, A. K. (1998). Expression systems for study of mycobacterial gene regulation and development of recombinant BCG vaccines. Biochem. Biophys. Res. Commun. 246, 797–804. doi: 10.1006/bbrc.1998.8724 

 DeJesus, M. A., Ambadipudi, C., Baker, R., Sassetti, C., and Ioerger, T. R. (2015). TRANSIT--a software tool for Himar1 TnSeq analysis. PLoS Comput. Biol. 11:e1004401. doi: 10.1371/journal.pcbi.1004401 

 DeJesus, M. A., Gerrick, E. R., Xu, W., Park, S. W., Long, J. E., Boutte, C. C., et al. (2017). Comprehensive essentiality analysis of the Mycobacterium tuberculosis genome via saturating transposon mutagenesis. MBio 8. doi: 10.1128/mBio.02133-16 

 Demangel, C., Brodin, P., Cockle, P. J., Brosch, R., Majlessi, L., Leclerc, C., et al. (2004). Cell envelope protein PPE68 contributes to Mycobacterium tuberculosis RD1 immunogenicity independently of a 10-kilodalton culture filtrate protein and ESAT-6. Infect. Immun. 72, 2170–2176. doi: 10.1128/IAI.72.4.2170-2176.2004 

 Deretic, V. (2014). Autophagy in tuberculosis. Cold Spring Harb. Perspect. Med. 4:a018481. doi: 10.1101/cshperspect.a018481 

 Di Luca, M., Bottai, D., Batoni, G., Orgeur, M., Aulicino, A., Counoupas, C., et al. (2012). The ESX-5 associated eccB-EccC locus is essential for Mycobacterium tuberculosis viability. PLoS One 7:e52059. doi: 10.1371/journal.pone.0052059 

 Flynn, J. L., Chan, J., and Lin, P. L. (2011). Macrophages and control of granulomatous inflammation in tuberculosis. Mucosal Immunol. 4, 271–278. doi: 10.1038/mi.2011.14 

 Gagneux, S. (2018). Ecology and evolution of Mycobacterium tuberculosis. Nat. Rev. Microbiol. 16, 202–213. doi: 10.1038/nrmicro.2018.8 

 Gao, L. Y., Guo, S., McLaughlin, B., Morisaki, H., Engel, J. N., and Brown, E. J. (2004). A mycobacterial virulence gene cluster extending RD1 is required for cytolysis, bacterial spreading and ESAT-6 secretion. Mol. Microbiol. 53, 1677–1693. doi: 10.1111/j.1365-2958.2004.04261.x 

 Gey van Pittius, N. C., Sampson, S. L., Lee, H., Kim, Y., van Helden, P. D., and Warren, R. M. (2006). Evolution and expansion of the Mycobacterium tuberculosis PE and PPE multigene families and their association with the duplication of the ESAT-6 (esx) gene cluster regions. BMC Evol. Biol. 6:95. doi: 10.1186/1471-2148-6-95

 Houben, D., Demangel, C., van Ingen, J., Perez, J., Baldeón, L., Abdallah, A. M., et al. (2012). ESX-1-mediated translocation to the cytosol controls virulence of mycobacteria. Cell. Microbiol. 14, 1287–1298. doi: 10.1111/j.1462-5822.2012.01799.x 

 Hsu, T., Hingley-Wilson, S. M., Chen, B., Chen, M., Dai, A. Z., Morin, P. M., et al. (2003). The primary mechanism of attenuation of bacillus Calmette-Guerin is a loss of secreted lytic function required for invasion of lung interstitial tissue. Proc. Natl. Acad. Sci. USA 100, 12420–12425. doi: 10.1073/pnas.1635213100 

 Huang, L., Nazarova, E. V., Tan, S., Liu, Y., and Russell, D. G. (2018). Growth of Mycobacterium tuberculosis in vivo segregates with host macrophage metabolism and ontogeny. J. Exp. Med. 215, 1135–1152. doi: 10.1084/jem.20172020 

 Jindal, S. K., Jindal, A., and Agarwal, R. (2016). Upper respiratory tract tuberculosis. Microbiol. Spectr. 4. doi: 10.1128/microbiolspec.TNMI7-0009-2016 

 Kapopoulou, A., Lew, J. M., and Cole, S. T. (2011). The MycoBrowser portal: a comprehensive and manually annotated resource for mycobacterial genomes. Tuberculosis (Edinb.) 91, 8–13. doi: 10.1016/j.tube.2010.09.006 

 Knust, J., Ochs, M., Gundersen, H. J., and Nyengaard, J. R. (2009). Stereological estimates of alveolar number and size and capillary length and surface area in mice lungs. Anat. Rec. (Hoboken) 292, 113–122. doi: 10.1002/ar.20747 

 Koleske, B., Schill, C., Rajagopalan, S., Shee, S., Martinez-Martinez, Y. B., Gupta, M., et al. (2025). Loss of the PPE71-esxX-esxY-PPE38 locus drives adaptive transcriptional responses and hypervirulence of Mycobacterium tuberculosis lineage 2. bioRxiv. doi: 10.1101/2025.04.16.649112

 Kruh, N. A., Troudt, J., Izzo, A., Prenni, J., and Dobos, K. M. (2010). Portrait of a pathogen: the Mycobacterium tuberculosis proteome in vivo. PLoS One 5:e13938. doi: 10.1371/journal.pone.0013938 

 Lamichhane, G., Tyagi, S., and Bishai, W. R. (2005). Designer arrays for defined mutant analysis to detect genes essential for survival of Mycobacterium tuberculosis in mouse lungs. Infect. Immun. 73, 2533–2540. doi: 10.1128/IAI.73.4.2533-2540.2005 

 Lamichhane, G., Zignol, M., Blades, N. J., Geiman, D. E., Dougherty, A., Grosset, J., et al. (2003). A postgenomic method for predicting essential genes at subsaturation levels of mutagenesis: application to Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. U. S. A. 100, 7213–7218. doi: 10.1073/pnas.1231432100 

 Lampe, D. J., Churchill, M. E., and Robertson, H. M. (1996). A purified mariner transposase is sufficient to mediate transposition in vitro. EMBO J. 15, 5470–5479. doi: 10.1002/j.1460-2075.1996.tb00930.x 

 Larsen, M. H., Biermann, K., Tandberg, S., Hsu, T., and Jacobs, W. R. (2007). Genetic manipulation of Mycobacterium tuberculosis. Curr. Protoc. Microbiol. doi: 10.1002/9780471729259.mc10a02s6

 Lee, M. H., Pascopella, L., Jacobs, W. R., and Hatfull, G. F. (1991). Site-specific integration of mycobacteriophage L5: integration-proficient vectors for Mycobacterium smegmatis, Mycobacterium tuberculosis, and bacille Calmette-Guérin. Proc. Natl. Acad. Sci. USA 88, 3111–3115. doi: 10.1073/pnas.88.8.3111 

 Lerner, T. R., Borel, S., Greenwood, D. J., Repnik, U., Russell, M. R., Herbst, S., et al. (2017). Mycobacterium tuberculosis replicates within necrotic human macrophages. J. Cell Biol. 216, 583–594. doi: 10.1083/jcb.201603040 

 Long, J. E., DeJesus, M., Ward, D., Baker, R. E., Ioerger, T., and Sassetti, C. M. (2015). Identifying essential genes in Mycobacterium tuberculosis by global phenotypic profiling. Methods Mol. Biol. 1279, 79–95. doi: 10.1007/978-1-4939-2398-4_6 

 McCaffrey, E. F., Donato, M., Keren, L., Chen, Z., Delmastro, A., Fitzpatrick, M. B., et al. (2022). The immunoregulatory landscape of human tuberculosis granulomas. Nat. Immunol. 23, 318–329. doi: 10.1038/s41590-021-01121-x 

 McEvoy, C. R., van Helden, P. D., Warren, R. M., and van Gey Pittius, N. C. (2009). Evidence for a rapid rate of molecular evolution at the hypervariable and immunogenic Mycobacterium tuberculosis PPE38 gene region. BMC Evol. Biol. 9:237. doi: 10.1186/1471-2148-9-237

 McGuire, A. M., Weiner, B., Park, S. T., Wapinski, I., Raman, S., Dolganov, G., et al. (2012). Comparative analysis of Mycobacterium and related Actinomycetes yields insight into the evolution of Mycobacterium tuberculosis pathogenesis. BMC Genomics 13. doi: 10.1186/1471-2164-13-120

 Mehdiratta, K., Singh, S., Sharma, S., Bhosale, R. S., Choudhury, R., Masal, D. P., et al. (2022). Kupyaphores are zinc homeostatic metallophores required for colonization of Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. U. S. A. 119:e2110293119. doi: 10.1073/pnas.2110293119 

 Meyr, E. (1942). Systematics and the origin of species. New York: Columbia University Press.

 Mishra, K. C., de Chastellier, C., Narayana, Y., Bifani, P., Brown, A. K., Besra, G. S., et al. (2008). Functional role of the PE domain and immunogenicity of the Mycobacterium tuberculosis triacylglycerol hydrolase LipY. Infect. Immun. 76, 127–140. doi: 10.1128/IAI.00410-07 

 Modlin, S. J., Robinhold, C., Morrissey, C., Mitchell, S. N., Ramirez-Busby, S. M., Shmaya, T., et al. (2021). Exact mapping of Illumina blind spots in the Mycobacterium tuberculosis genome reveals platform-wide and workflow-specific biases. Microb. Genom. 7:mgen000465. doi: 10.1099/mgen.0.000465 

 Palande, A., Patil, S., Veeram, A., Sahoo, S. S., Lodhiya, T., Maurya, P., et al. (2024). Proteomic analysis of the Mycobacterium tuberculosis outer membrane for potential implications in uptake of small molecules. ACS Infect Dis 10, 890–906. doi: 10.1021/acsinfecdis.3c00517 

 Poulet, S., and Cole, S. T. (1995). Characterization of the highly abundant polymorphic GC-rich-repetitive sequence (PGRS) present in Mycobacterium tuberculosis. Arch. Microbiol. 163, 87–95. doi: 10.1007/BF00381781 

 Pym, A. S., Brodin, P., Brosch, R., Huerre, M., and Cole, S. T. (2002). Loss of RD1 contributed to the attenuation of the live tuberculosis vaccines Mycobacterium bovis BCG and Mycobacterium microti. Mol. Microbiol. 46, 709–717. doi: 10.1046/j.1365-2958.2002.03237.x 

 Ramakrishnan, L. (2012). Revisiting the role of the granuloma in tuberculosis. Nat. Rev. Immunol. 12, 352–366. doi: 10.1038/nri3211 

 Ramakrishnan, P., Aagesen, A. M., McKinney, J. D., and Tischler, A. D. (2015). Mycobacterium tuberculosis resists stress by regulating PE19 expression. Infect. Immun. 84, 735–746. doi: 10.1128/IAI.00942-15 

 Rubin, E. J., Akerley, B. J., Novik, V. N., Lampe, D. J., Husson, R. N., and Mekalanos, J. J. (1999). In vivo transposition of mariner-based elements in enteric bacteria and mycobacteria. Proc. Natl. Acad. Sci. U. S. A. 96, 1645–1650. doi: 10.1073/pnas.96.4.1645 

 Sampson, S. L. (2011). Mycobacterial PE/PPE proteins at the host-pathogen interface. Clin. Dev. Immunol. 2011:497203. doi: 10.1155/2011/497203 

 Sassetti, C. M., Boyd, D. H., and Rubin, E. J. (2003). Genes required for mycobacterial growth defined by high density mutagenesis. Mol. Microbiol. 48, 77–84. doi: 10.1046/j.1365-2958.2003.03425.x 

 Schubert, O. T., Mouritsen, J., Ludwig, C., Röst, H. L., Rosenberger, G., Arthur, P. K., et al. (2013). The Mtb proteome library: a resource of assays to quantify the complete proteome of Mycobacterium tuberculosis. Cell Host Microbe 13, 602–612. doi: 10.1016/j.chom.2013.04.008 

 Simeone, R., Bobard, A., Lippmann, J., Bitter, W., Majlessi, L., Brosch, R., et al. (2012). Phagosomal rupture by Mycobacterium tuberculosis results in toxicity and host cell death. PLoS Pathog. 8:e1002507. doi: 10.1371/journal.ppat.1002507 

 Singh, P., Rao, R. N., Reddy, J. R., Prasad, R. B., Kotturu, S. K., Ghosh, S., et al. (2016). PE11, a PE/PPE family protein of Mycobacterium tuberculosis is involved in cell wall remodeling and virulence. Sci. Rep. 6:21624. doi: 10.1038/srep21624 

 Strong, E. J., and Lee, S. (2020). Targeting autophagy as a strategy for developing new vaccines and host-directed therapeutics against mycobacteria. Front. Microbiol. 11:614313. doi: 10.3389/fmicb.2020.614313

 Talarico, S., Cave, M. D., Marrs, C. F., Foxman, B., Zhang, L., and Yang, Z. (2005). Variation of the Mycobacterium tuberculosis PE_PGRS 33 gene among clinical isolates. J. Clin. Microbiol. 43, 4954–4960. doi: 10.1128/JCM.43.10.4954-4960.2005 

 Talarico, S., Zhang, L., Marrs, C. F., Foxman, B., Cave, M. D., Brennan, M. J., et al. (2008). Mycobacterium tuberculosis PE_PGRS16 and PE_PGRS26 genetic polymorphism among clinical isolates. Tuberculosis (Edinb.) 88, 283–294. doi: 10.1016/j.tube.2008.01.001 

 Tiwari, S., Dutt, T. S., Chen, B., Chen, M., Kim, J., Dai, A. Z., et al. (2020). BCG-prime and boost with Esx-5 secretion system deletion mutant leads to better protection against clinical strains of Mycobacterium tuberculosis. Vaccine 38, 7156–7165. doi: 10.1016/j.vaccine.2020.08.004 

 Tufariello, J. M., Chapman, J. R., Kerantzas, C. A., Wong, K. W., Vilchèze, C., Jones, C. M., et al. (2016). Separable roles for Mycobacterium tuberculosis ESX-3 effectors in iron acquisition and virulence. Proc. Natl. Acad. Sci. U. S. A. 113, E348–E357. doi: 10.1073/pnas.1523321113

 van der Wel, N., Hava, D., Houben, D., Fluitsma, D., van Zon, M., Pierson, J., et al. (2007). M. tuberculosis and M. leprae translocate from the phagolysosome to the cytosol in myeloid cells. Cell 129, 1287–1298. doi: 10.1016/j.cell.2007.05.059 

 Vigeland, C. L., Link, J. D., Beggs, H. S., Alwarawrah, Y., Ehrmann, B. M., Dang, H., et al. (2025). Alveolar and bone marrow-derived macrophages differ in metabolism and glutamine utilization. Am. J. Respir. Cell Mol. Biol. 72, 563–577. doi: 10.1165/rcmb.2023-0249OC 

 Wang, Q., Boshoff, H. I. M., Harrison, J. R., Ray, P. C., Green, S. R., Wyatt, P. G., et al. (2020). PE/PPE proteins mediate nutrient transport across the outer membrane of Mycobacterium tuberculosis. Science 367, 1147–1151. doi: 10.1126/science.aav5912 


Copyright
 © 2025 Koleske, Shen, Gupta and Bishai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-16-1634229-g003.jpg
W8 lung CFUs.

W4 lung CFUs
B o
*
A 108- 106- *
BALB/c; aerosol D1 w4 ws 108 105 ’~| .
~200 CFUs/animal l 1 l 3 i 3 e
& &
”5 Week: 0 2 4 6 8 > "
o2 10
& K& & & &L &
& ‘Nf S “é«*"ﬂ«"@ s
D W4 lung histology E ws Iung histology
* F - 71 =Tn :l e
o 60 — T1comp Jij‘
8 . s = T10E T
é 40 il i 5 40
H 5 1004
320 L g g
20 g
® 2 <
o ; 50-
a
«"" ol
o 200 400 600

Days





OPS/xhtml/Nav.xhtml




Contents





		Cover



		In vivo profiling of the PE/PPE proteins of Mycobacterium tuberculosis reveals diverse contributions to virulence



		Introduction



		Materials and methods



		Bacterial culture



		M.tb transposon mutants



		M.tb strain construction



		RNA isolation and qRT-PCR



		Macrophage infection



		Mouse infection and endpoints



		Tn-seq



		Statistical analysis



		Ethics statement









		Results



		An in vivo Tn-seq design for studying M.tb PE/PPE gene mutants



		PPE71 transposon mutant, complemented, and overexpressor strains show no differences from WT M.tb in vitro or in macrophages



		Behavior of PE/PPE mutants in a macrophage infection model is broadly inconsistent with in vivo behavior



		M.tb PPE71::Tn is attenuated in mice









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-16-1634229-g001.jpg
A

—Logyo(q-value)
N s o @

°

BALBIc; aerosol
1500 CFUs

Plate lung homogenate
}

Harvest M.tb genomic DNA

Transposen sequencing

Week 1vs. Day 1

Cc

—~Logyo(q-value)

3

o

Week 3 vs. Day 1

o

Logy(FO)

Week 3 vs. Week 1

o

W3/D1 Log,(FC)

RS

Log,(FC)

Correlation between W3 and W1

e
gE L
Prkrt

F Week 1 vs. Day 1

o
&

i
g

G

Press
PE_PERSH:

pe pERSHE
»r,”ig
2
o i
=PRI

Week 3 vs. Day 1

IS

Log,(FC)

3 2 4 0 1 2
W1ID1 Log,(FC)






OPS/images/fmicb-16-1634229-g002.jpg
A " PPE7T1  Esxx Esxy ppEss T

* ¥ = k<

-
71jxn 71UTR EsxX 71jxn 38UTR
71jxn
B . Cc 7T1UTR
Fk KKKk
* 10
i dk ok
10000 r"—l
1000 o
o 100 e 1
LT Loole
1]
0.4 g
88 R F
D EsxX
107

RQ

017

RNIESIPIRS
4»<~"\,\°°‘° 4%

F 7H9 complete

4 G
> J774 infection
= 71:Tn 75
3= 71comp : - wr
=3 = = 71:Tn
&, + 7oE E o] F 2 oo
° %
1 9': 6.5
0 ) 6.0 . . ;
o 3 6 9 12 0 2 4 6





OPS/images/cover.jpg
, frontiers = Frontiers in Microbiology

In vivo profiling of the PE/PPE
proteins of Mycobacterium
tuberculosis reveals diverse

contributions to virulence












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






